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ABSTRACT
Title of dissertation: EXPERIMENTAL AND THEORETICAL
INVESTIGATION OF OIL RETENTION IN A

CARBON DIOXIDE AIR-CONDITIONING SYSTEM

Jun-Pyo Lee, Doctor of Philosophy, 2003
Dissertation directed by:  Professor Reinhard Radermacher
Department of Mechanical Engineering
Ina closed loop vapor compressioncycle, asmall portion of the oil circulates
with the refrigerant flow through the cycle components while most of the oil staysinside
the compressor. The worst scenario of oil circulation in the refrigeration cycle is when
large amounts of oil become logged in the system. Each cycle component has different
amounts of oil retention. Because ail retention in refrigeration systems can affect
performance and compressor reliability, it receives continuous attention from
manufactures and operators. Thus, the objective of this dissertation is to develop and use
amethod to experimentally and theoretically investigate the oil retention behavior in a
refrigeration system on a component by component level.
The test facility for the oil retention study mainly consists of a refrigeration loop
and an oil loop. An ail injectionextraction method was developed to measure the oil
retention at each component of the cycle. Asthe ail circulation ratio increases, the ail

retention volume in the heat exchanger and suction line also increases. 16% and 10% of



the total oil amount charged initially is retained in heat exchangers at 5 wt.% of ail
circulation ratio for the refrigerant mass flux, 290 kg/nfs and 414 kg/nts, respectively.
The effect of oil on pressure drop was found to be most profound at high vapor qualities
where the local oil mass fractions are the highest.

An analytical model for the annular flow patternto estimate the oil retention was
developed. According to the analysis of CO, and ail flow in the suction line, the
interfacial friction factor should be expressed as the function of CO, gas Reynolds
number as well as the dimensionless oil film thickness. Furthermore, an empirical
interfacial friction factor based on experimental results was developed. All smulation
results for the suction line are bounded by + 20% from experimental results. In the case
of heat exchangers, void fraction models were used to estimate the oil retention. Due to
the changing oil properties, the heat exchangers were divided into segments. Then the oil
retention volume in the heat exchangers was calculated from the oil fraction and the
length of the corresponding segment. Void fraction models by Hughmark (1962) and
Premoli et al. (1971), show good agreement with current experimental results of oil
retention at the evaporator and the gas cooler, respectively. Simulation results at the
evaporator and the gas cooler are bounded by + 20% of experimental results.

To minimize the ail retention in system components, several design guidelines are

suggested.



LIST OF ACCOMPLISHMENTS

Several accomplishments are derived from experimental and modeling efforts.

The list of accomplished tasksis as follows:

1. Qil extractioninjection method was developed to measure the oil retention. Test
facility was designed and constructed to investigate the oil retention at each cycle
component.

2. Extensive experiment was accomplished with severa parameters; refrigerant mass
flux, ail circulation ratio, evaporator inlet vapor quality, and system components.

3. Theail distribution in the CO; ar-conditioning systems was experimentally
analyzed. For the higher refrigerant mass flux, less oil volume is retained in the
heat exchangers, and this also results in alower pressure drop penalty factor.

4. Anoil retention model for each cycle component was devel oped to generalize the
oil retention in various conditions. An analytical model with empirically
correlated friction factor used in the suction line while void fraction models were
used to estimate oil retention in the heat exchangers.

5. Most simulation results in the suction line and heat exchangers were bounded by
+ 20% from experimental results.

6. Parametric studies were conducted with the validated models to investigate the

influence of different variables on oil retention.
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CHAPTER 1 Introduction

1.1 Overview

The compressor in arefrigeration system needs oil to lubricate its mechanical
parts. The function of a lubricant is to prevent surface-to-surface contact in the
compressor, to remove heat, to provide sealing, to keep out contaminants, to prevent
corrosion, and to dispose of debris created by wear (Vaughn, 1971). In a closed loop
vapor compressioncycle, asmall portion of the oil circulates with the refrigerant flow
through the cycle components while most of the oil staysin the compressor. The
[ubricant is necessary for the compressor, but is not necessary for the other components
of the refrigeration system. To fulfill its duty, the dynamic viscosity of the refrigerant/oil
mixture must be high enough to provide the proper lubrication and sealing effects. On the
other hand, it is important that the viscosity of the refrigerant/oil mixture in the heat
exchangers and tubes is not too high, so that an adequate feedback of the oil into the
compressor is possible (Kruse and Schroeder, 1984).

Successful operation of the refrigeration system requires sufficient oil return into
the compressor to avoid eventual trouble from alack of proper lubrication that may cause
compressor failure. In fact, the oil return behavior is a complex function of fluid
properties as well as system components and configuration aspects. Since the temperature
and pressure conditions are varied depending upon each system component, such as the
gas cooler, the evaporator and the suction line, the ail return characteristics in the cycle

components are also specific to the system component.



The worst scenario of oil circulation in the refrigeration cycle is when large
amounts of oil become logged in the system. The circulating oil, which is missing from
the compressor, exists as an oil film on the tube wall, and the oil film thicknessis
affected by the system conditions. Thus, each cycle component has different amounts of
oil retention. Large amounts of oil retention cause a decrease in heat transfer and an
increase in pressure drop. As aresult, the system performance can be degraded. Because
oil retention in refrigeration systems can affect performance and reliability, it receives

continuous attention from manufactures and operators.

1.2 Literature Review

One of the important issues in refrigeration systems for the reliability and the
system lifeis oil return, so the literature on this issue is abundant. Some researchers have
focused on the vertical upward flow of the refrigerant gas/oil mixture. In these cases, the
refrigerant gas velocity is a mgor parameter in ensuring oil transport. Several research
papers on the miscible or immiscible pairs of refrigerant/oil mixture also have been
published because of the legally mandated phase-out of Chlorofluorocarbon (CFC) and
Hydrochlorofluorocarbon (HCFC) refrigerants. These researchers evaluated oil return
performance at a single component. In addition, several other studies have been
conducted to study oil properties and pressure drop due to ail retention.

However, studies of the oil distribution in each cycle component for proper il
management in refrigeration systems currently have not been found. Moreover, oil return

research with CO,, one of the most promising candidates for aternative refrigerants, has



not yet been investigated. The published literature for oil return aswell as oil’ s effect on

system performance and oil propertiesis summarized below.

1.2.1 Vertical Upward Flow

The vertical suction line is considered to be a weak place for oil return because
the refrigerant has to overcome gravity to carry the oil vertically upward. Thus, many
papers have been already published to propose guidelines for, or to solve oil return
problems.

Walis (1969) correlated oil transport by experimental results for R-12 and R-22
with mineral oil (MO). He suggested the dimensionless superficial velocity as a
conservative bound to guarantee oil transport for the vertical upward flow.

Riedle et al. (1972) summarized the open literature for oil transport using various
topics. flow pattern, pressure drop, and entrainment. From a literature review of vertical
upward flow, an analytical model was chosen. It describes the phenomenon of il
transport in arefrigerant line. However, no experimental tests were performed to verify
their proposed model.

The American Society of Hesating, Refrigeration and Air-Conditioning Engineers
(ASHRAE) Handbook (1976, 1994) contains tables that give minimum refrigeration
capacities for suction risers. The minimum refrigeration capacity was calculated from the
minimum refrigerant velocity required to ensure oil transport upward in the suction riser.
However, the ASHRAE data on oil transport in vertical pipes was thought by some critics
to have insufficient experimental verification. Jacobs et al. (1976) conducted an
experimental study to verify the ASHRAE data. Oil was injected into the test section, and

the critical refrigerant mass flux needed to transport oil upward was obtained using sight



glasses. The refrigerant was always in the vapor phase in the test section. They suggested
adimensionless number, which is a function of refrigerant velocity and of the properties
of oil and refrigerant, for guarantee of oil transport. They also simulated typical
compressor suction and discharge conditions.

Another verification of the ASHRAE data for R-134a/oil mixture was studied by
Kesim et al. (2000). The minimum refrigerant velocity to guarantee oil transport to the
vertical upward flow was ssimulated. The minimum velocity was found by using the
conditions of zero oil flow rate and equal oil and refrigerant shear stresses at the interface.
They prepared minimum refrigeration capacity tables for R-134a at the suction line and
discharge line. In their simulation, oil film thickness was assumed to be 4% of tube radius.
However, this result of this calculation was not validated with experimental results.

Fukuta et al. (2000) conducted an oil return study for a suction line with vertical
upward flow. Two-phase flow of the oil and air was used to examine basic characteristics
of the ail film transport in vertical upward flow. This was done by observing flow
patterns and measuring oil film thickness. The ail film thickness was measured using a
capacitance sensor with various parameters: air and oil flow rate, oil viscosity, and tube
diameter. The average oil film thickness was shown to decrease with an increase of the
air velocity and the pressure. It also increased dlightly with an increase of the oil viscosity
and flow rate. An empirical correlation satisfying the criteria for the oil transport was
proposed, using experimental results for the air-oil two-phase flow.

Blankenberger et al. (2002) investigated the flow reversal for the vertical annular
flow. Their paper describes a study aimed at characteristics of the dynamic behavior of an

annular oil film layer driven by air upward through a 50.8 mm pipe. An optical film



thickness sensor was used to obtain oil film thickness data for air-oil flow. They found
that the correlations created using air-water systems did not predict the flow behavior of
thear-oil system. Two separate layersin the liquid film, a bubbly layer along the wall
and awavy layer, were observed. Their experiments supported a model developed by

Mehendale and Radermacher (2000).

1.2.2 Oil Return in Refrigeration Systems

Introducing Hydrofluorocarbon (HFC) refrigerants as alternative refrigerants for
CFCsand HCFCs has raised arefrigerant and oil miscibility issue. It iswidely believed
that without significant mutual miscibility between refrigerant and oil in alow
temperature component such as the evaporator or suction line, the compressor would lack
oil and eventually result in compressor failure. Related to this issue, severa research
results on the oil return characteristics of miscible and immiscible pairs of refrigerant/oil
mixtures have been published and are summarized bel ow.

Oil return characteristics of arefrigerant blend of R-404A with two lubricants,
MO and Polyol Ester (POE) oil, were evaluated by Fung and Sundaresan (1994) in alow
temperature display case refrigeration system. They measured the oil level in the
compressor crankcase to determine oil return. In the case of low condensing temperature
and high evaporative temperature, better oil return characteristics were shown based on
the observation of higher oil levelsin the compressor crankcase. The refrigerant |ubricant
combination of R404A and POE showed significantly better il return characteristics
when compared to R-502/MO and R-404A/MO. Moreover, the evaporation heat transfer

for the system, R-404A/POE, performed better than R-502/MO and R-404A/MO.



Sunami et al. (1994) evaluated the application of Alkylbenzene (AB), which has
been used for many years as a refrigerant oil, to a high-pressure, dome-type rotary
compressor. They conducted tests of oil return performance with R-134awith AB and
POE. POE showed good ail return characteristics, but the oil return performance of
lower-viscosity AB was nearly as good as that of POE. This was because lower-viscosity
AB maintained its low viscosity even at low temperatures. They also concluded that
lower viscosity AB provides better durability and reliability than conventional MO.

Biancardi et al. (1996) conducted experimental and analytical efforts to determine
the lubricant circulation characteristics of HFC/POE pairs and HFC/MO pairsin a
residential heat pump system and to compare their behavior with an R-22/MO pair. The
minimum flow velocities for “worst-case,” in which velocities occurred in the vertical
vapor line, were determined by visual observationsin an operating heat pump. In addition,
they developed on+line ail circulation ratio measurement instrumentation. Biancardi et al.
reported that minimum flow velocities ranging from 1.8 to 1.9 m/s were required in
cooling, and that the use of immiscible oil with R-407C did not result in any worst-case
oil return scenario.

Qil return performance comparisons between MO and POE were evaluated by
Reyes-Gavilan et al. (1996). They experimentally investigated the oil return and lubricant
flow characteristics for R-134awith POE and MO at different evaporating temperatures
in domestic refrigeration systems. Their study showed that refrigerant gas velocities
played an important role in proper oil return to the compressor, and lubricant flow

characteristics were similar for both refrigerant/oil pairs at suction conditions.



Sunami et al. (1998) conducted oil return tests and durability tests with an HFC
refrigerant/AB pair in a split air conditioner. They observed exceptional oil return for
ABs, and reported no significant difference among the different viscosity oils. In addition,
an immiscible refrigerant pair, R-407C/AB, showed superior anti-wear propertiesin the
compressor compared to miscible refrigerant/oil pairs, such as R-22/MO and R-
407C/POE.

Sumidaet al. (1998) tested R-410A/AB to observe flow patternsin the liquid line
and evaluate oil return characteristics. Since, in the liquid line, the oil moving velocity is
smaller than the liquid refrigerant velocity, oil accumulates in the liquid line. From their
test, it was found that nonraccumulation of oil in the liquid line was achieved by keeping
the ail circulation ratio under 1 wt.%. Through a sight glass in the compressor, they
observed oil levelsto evaluate oil return characteristics in a split air-conditiorer. They
reported that the R-410A/AB pair had reliable oil return characteristics, and the cycle
performance with R-410A/low viscosity AB was the same as that of R-410A/POE.

From the literature review, it is clear that many studies have been conducted to
evauate oil return characteristics with HFC refrigerant and miscible or immiscible oil
pairs. However, there is no study, which investigates the oil distribution in system
components. Moreover, no research about oil return characteristics with CO; asa
refrigerant has been published yet, even though many studies already have been
conducted on system performance or improvement of system components after CO, was

considered to be an environmentally friendly refrigerant.



1.2.3 Pressure Drop and Performance Degradation Dueto Oil Retention

Oil retention in heat exchangers affects heat transfer as well as pressure drop. The
presence of oil causes the roughness of the interface between refrigerant and oil to
increase, which results in pressure drop increases. The open literature with regard to
pressure drop due to oil retention is summarized here.

Green (1971) studied the pressure loss for a R-12/oil mixture with 6 to 12% oil
content compared with oil-free R-12 and R-22. The friction factor was roughly double
because of the oil content, resulting in a doubling of the frictional pressure lossin the
systems containing oil compared to that of asimilar oil-free system.

Scheideman and Macken (1975) and Macken et al. (1979) investigated the
pressure drop caused by oil in the compressor suction and discharge line of arefrigeration
system. The refrigeration loop was an all-vapor system in which areciprocating
compressor pumped vapor into the loop. Computations to predict pressure drop were also
conducted for R-502 and R-500. The experimental data showed that the existing oil in the
tube resulted in a significant increase of the pressure drop under many typical suction
conditions. They correlated the pressure drops for 12.5 mm to 75 mm horizontal pipes.

Alofsand Hassan (1990) investigated pressure drop due to the presence of ail in a
horizontal pipe under suction line conditions in the refrigeration system. They proposed a
flux model, which was modified from the model by Macken et al. (1979). The model
indicated that the presence of oil increases the pressure drop by as much as afactor of 10.

Zurcher et al. (1998) studied pressure drop due to the presence of oil during
evaporation. The oil, especially at high vapor qualities, increased the two-phase pressure

drop. The influence of oil was strongest at high vapor qualities where the local oil mass



fractions were the highest. However, small amounts of oil, 0.5% and 1%, had almost no
effect on pressure drop for vapor qualities below 95%.

The ail also affects system performance because the evaporator capacity is
decreased by oil retention The oil deteriorates the evaporation heat transfer resulting in
an increase in evaporator temperature.

Eckels and Pate (1991) studied the effects of oil on two-phase heat transfer. They
found that the presence of oil up to 3% improved evaporation heat transfer compared to
that of pure refrigerant. In the condenser, the heat transfer was reduced by the presence of
oil. The reduction in the condenser performance indirectly degraded the system
performance.

The degradation of evaporator capacity due to oil was investigated by Grebner
and Crawford (1993). A test facility was constructed to measure the pressure-
temperature-concentration relations for mixtures of R-12 with two MOs and R-134awith
two synthetic oils such as POE and Polyalkylene Glycol (PAG). Assuming standard
operating conditions and neglecting pressure drop in the evaporator, significant
reductions in evaporator capacities were predicted due to the increase in saturation
temperature resulting from the presence of oil. The effects of oil solubility on evaporator
capacity reduction were found to be greater for systems containing R-12/MO mixtures
than for those containing R-134a/POE or PAG mixtures.

Popovic (1999) experimentally measured system performance for R-134awith
MO and POE. The major impact of alubricant on system performance was reflected
through the magnitude of evaporation hest transfer rate. The author found that a small

amount of circulating oil could significantly alter the evaporation heat transfer. In



contrast to the evaporator performance, the effects of oil type on compressor efficiencies
were not substantial. The coefficient of performance could be improved by as much as
5% by selecting a miscible oil over an immiscible oil. Popovic concluded that ail
selection should not only to be based on system reliability, but also on system
performance and efficiency, based on the fact that the use of miscible and lower-viscosity
oil resulted in improved performance.

Hwang et al. (2002) investigated the effect of the oil circulation ratio on the
system performance in a CO, climate control system for avehicle. The oil circulation
ratio was measured by a capacitance sensor. They reported that the capacitance of
CO,/PAG mixture depended on the pressure and temperature of the oil in the CO./PAG
mixture and the ail circulationratio. The coefficient of performance was degraded by 8%
and 11% for idling (1,000 RPM) and driving (1,800 RPM) conditions, respectively, if the

oil circulation ratio increased from 0.5 wt.% to 7 wt.%.

1.2.4 Refrigerant/Oil Mixture Properties

Since the circulating oil in arefrigeration system has a dissolved fraction of
refrigerant in the oil, the viscosity, density and surface tension of the oil in the mixture
are not same as those of pure oil. Severa researchers have been interested in the changes
of oil properties in the refrigerant/oil solution.

Cooper (1971) investigated the solubility for R-12 and R-22 with MO. The test
results showed that oil viscosity increased with an increase of temperature because of the
boiling away of the refrigerant which is dissolved in the oil. The maximum oil viscosity
did not necessarily occur in the evaporator, but at some specific level of superheat, which

most likely was in a suction line.
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Short and Cavestri (1992) reported data on the chemical and physical properties
of high-viscosity esters and interactions with R-134a. Viscosity of oil-refrigerant
solutions was also presented to evaluate the lubricant for hydrodynamic lubrication and
sealing of compressor areas.

Thomas and Pham (1992) presented solubility and miscibility results for R-134a
with PAGs and modified PAGs, which have different viscosities. The lower viscosity
lubricants had higher solubility and were completely miscible with refrigerant. As the
viscosity rose, immiscibility appeared and extended to lower temperatures, with further
increases in viscosity.

Y okozeki et al. (1994, 2000) developed the general model, based on
thermodynamics, for refrigerant/oil solubility. The solubility data of partially miscible
HFC refrigerants and AB mixtures were correlated with the use of a specia binary
mixing rule. By combining these solubility and viscosity models, they constructed a
viscosity chart as a function of the temperature and solubility.

Even though the number of studies using CO; as arefrigerant has significantly
increased due to the current environmental issues, few studies have been conducted to
evaluate proper oil pairs for CO, system. The available papers for oil properties with CO,
are summarized below.

The solubility, lubricity, and miscibility of CO, with a number of synthetic
lubricants were studied by Seeton et al. (2000). They reported that POE |ubricant showed
good miscibility characteristics. On the other hand, PAG, Poly Alpha Olefin (PAO), and

AB were not miscible with CO; at high concentrations of CO,. However, PAG showed
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the best lubricity for transcritical applications because PAG maintained the highest
mixture viscosity.

Li and Rgewski (2000) evaluated various lubricants, such as PAO, MO, PAG,
POE, and Alkyl Naphthalene (AN), for their interactions with CO,. Their experimental
study included miscibility, solubility, working viscosity, sealed tube stability and
lubricity. They found that the lubricants studied varied in their miscibility with CO,, and
that the working viscosities of the solutions were significantly decreased due to the
solubility with CO..

Kawaguchi et al. (2000) measured oil viscosity, solubility, and miscibility for
PAG, Poly Vinyl Ether (PVE), and POE oils with CO,. They also tested lubricity and
wear characteristics with different oil types. They reported that PAG is the best ail to use
as CO;, refrigerating oil because it is partially miscible. It has excellent lubricity in
boundary lubrication under CO, supercritical conditions. It aso showed good stability
under CO; supercritical conditions.

Another study on the miscibility issue with CO, was conducted by Hauk and
Weidner (2000). They conducted miscibility tests between CO, and PAG, POE, and PAO
oils. POE showed good miscibility with CO», but a phase separation between PAG or
PAQO and CO» occurred. They also developed a solubility chart based on pressure and
temperature for three different oil types and CO,. From their solubility chart, around 30
wt.% of CO; can be dissolved into PAG oil under an evaporator condition, which is

around 4 MPa pressure.
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1.2.5 Oil Return Research at CEEE, University of Maryland

Recently, oil return issues as well as oil’ s effect on heat transfer measurement
have been studied by the Center for Environmental Energy Engineering (CEEE) at the
University of Maryland. The published literature by CEEE is summarized below.

Sundaresan and Radermacher (1996) experimentally investigated oil return
characteristics of R-407C/MO in comparison with R-407C/ POE and R-22/MO in a split
three-ton heat pump. They modified a compressor to install a sight tube, which was fitted
with a scale grade so that oil level in the compressor could be observed. For each
refrigerant, a charge optimization was conducted to determine the maximum performance.
R-22/MO and R-407C/POE showed very similar oil return characteristics and were
expected to be equally reliable. However, in the case of R-407C/MO a significant amount
of oil was logged in the system outside of the compressor. The study suggested that
further experiments were needed to better determine the oil return characteristics.

Oil return characteristics in vertical upward flow were experimentally and
theoretically investigated by Mehendale (1998)/Mehendal e and Radermacher (2000). The
critical mass flow rate for preventing oil film reversal in a vertical pipe for vapor
refrigerant with R-22, R-407C, and R-410A with MO and POE was pinpointed and was
compared with the results by Jacobs et al. (1976). An annular flow model with a vapor
core was developed to predict the onset of lubricant film flow reversal. This accounted
for lubricant concentration and viscosity variations. At refrigerant mass flow rates below
those for zero wall shear stress, the net pressure force was insufficient to balance the
weight of the fluid. The ail film immediately adjacent to the wall started flowingin a

downward direction. Whenever the refrigeration system is operated at a mass flow rate
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lower than the critical mass flow rate, some oil will aways flow downward instead of
being fully transported upward. Predictions were within + 9% and — 6% of the
experimental data. From the parametric studies, the pipe’sinside diameter has the
greatest effect on the critical refrigerant mass flow rate. Thisis followed by the vapor
density, the film viscosity and the film dengity.

Hwang et al. (2000) and Lee et al. (2001) conducted an experimental study of oil
return characteristics in the vertical upward suction line of aresidential refrigerator and
freezer. Their study investigated flow patterns and oil accumulation characteristics of R-
134alimmiscible oil pairs, AB and MO, with three different refrigerant and oil flow rates.
From the visualization tests, flow patterns of al oils were either a churn flow or an
annular flow. At a high refrigerant Reynolds number (Re=13,000, 16,000), the flow
pattern was shown to be the annular flow that continuously forced oil upward, regardiess
of the oil flow rate. On the other hand, the churn flow was observed at alow refrigerant
Reynolds number (Re=4,000), which resulted in unstable flow and oscillation. The il
film on the wall flowed downward, accumulated, and eventually formed plugs. The MO
and high viscosity AB oil caused a larger oil amount to accumulate in the suction line
tube. 2.3% to 17.6% of the oil initialy charged (250 ml) to the compressor was
accumulated in the suction line. Hwang and Lee recommended that the churn flow
pattern be avoided because the oil transport in a vertical tube is very unstable.

The oil effect on the evaporation heat transfer in the microchannel heat exchanger
was experimentally investigated by Zhao (2001). He studied various parameters such as
refrigerant mass flux, saturation temperature, and vapor quality for miscible oil with CO..

The average evaporation heat transfer coefficient was measured under various oil
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circulation ratios, ranging from 0 to 7 wt.%. Increasing the vapor quality degraded the
heat transfer coefficient in the presence of oil because oil acts as athermal resistance on
the wall a high vapor quality. The pressure drop increased with an increase in the ail
circulation ratio because of higher CO,/o0il mixture viscosity.

Studies conducted by CEEE have focused on the oil effect on single system
components only, such as the suction line or evaporator. In avertical suction line, a
minimum refrigerant flow rate that would ensure oil transport was suggested, and in this
way the oil retention volume could be measured. In the evaporator, the evaporation heat
transfer and pressure drop due to the presence of oil was also experimentally investigated.
This research was considered as an initial step in obtaining the oil distribution in entire
system components. The ail retention volume in the heat exchangers as well as the
suction line at certain system conditions (i.e. refrigerant mass flow rate and oil circulation
ratio) can be obtained by adaptingan oil injection-extraction method into any system

components.

1.3 Objectives of this Research

The literature review showed that oil return research in refrigeration systems
mostly focuses on either the oil transport in a vertical tube or the oil level measurement in
the compressor to predict oil logging characteristics in a system. However, these studies
neither quantify the oil volume retained in the system components nor provide oil
distribution information. Even though many research projects for refrigeration systems
have been conducted, there is as yet no study on oil retentionon a component basis, in

any refrigeration system. Thus, the objective of this dissertation isto develop and use a
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method to experimentally and theoretically investigate the oil retention behavior in a
refrigeration systemon a component by component level. A CO; ar-conditioning system
was chosen because it represents one extreme in refrigerationsystem design: very high
pressures and refrigerant densities. Studies with medium and low-pressure systems are
planned for alater thesis to eventually cover the entire range of heat pump and

refrigeration systems. The tasksto be performed to achieve the objective are as follows:

Develop an ail retention test methodol ogy.
Design and construct atest facility for the oil retention test.
Investigate the oil retention volume in each cycle component of a CO; air-
conditioning system.
Conduct experiments with the following parameters:

-Refrigerant mass flux

-Oil circulation ratio

-Evaporator inlet vapor quality

-System components (suction line, evaporator and gas cooler)
Investigate the effects of the presence of ail in the heat exchangers uponthe pressure
drop increase.
Develop an analytical model to predict oil retention in a horizontal suction line.
Examine various void fraction models to be used to calculate oil retention in heat
exchangers.

Verify smulation results with experimental results.
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Quantify the effect of various parameters on oil retention by using the model
developed for the suction line and heat exchangers.

Develop design guidelines in system components.
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CHAPTER 2 Working Fluids

2.1 Refrigerants

211 Refrigerant Replacement |ssues

In 1974, Rowland and Molina discovered that CFCs and HCFCs were destroying
the stratospheric ozone layer. As aresult of this discovery, the Montreal protocol was
signed in 1987 to regulate the production and trade of ozone-depleting substances such as
CFCs. CFCs were no longer to be sold or produced as of January 1, 1996. HCFC
refrigerants were a so regulated due to the ozone depl etion potential (ODP) and are to be

phased out by the year 2020 in the United States.

Table 2.1 Environmental Effects of Refrigerants (Hwang, 1997)

: Ozone Depletion Globa Warming
Refrigerants Potential (ODP) | Potential (GWP, 100 yr)
CFC R-12 1 7100
HCFC R-22 0.055 1500
R-134a 0 1200
HFCs R-407C 0 1600
R-410A 0 2200
R-744 0 1
(Carbon dioxide)
Natural R-717 0 0
Refrigerants | (Ammonia)
R-290
(Propane) 0 3

R-134ahas been commonly used as an aternative to R-12 in automotive air-

conditioning systems. Two-potential HFC refrigerant candidates with zero ODP, R-407C
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and R-410A, have emerged as alternatives to R-22. These two possible candidates show
either lower performance or require new system design due to the higher vapor pressure
(Hwang, 1997). Although HFCs with zero ODP seem like a logical replacement for both
CFC and HCFC refrigerants, these HFC refrigerants till have high Global Warming
Potential (GWP) as shown in Table 2.1. Consequently, natural refrigerants having their
zero ODP, low GWP, and lack of adverse environmental effect such as carbon dioxide,
ammonia, and propane have been studied. Among those natura refrigerants, CO; is
preferable because it is non-flammable, islow cost, and has potentia for reduced-size

system components due to its high vapor pressure.

2.1.2 Carbon Dioxide as a Refrigerant

Increasing environmental concerns have accelerated research on refrigerants for
refrigeration industries. Candidates for aternative refrigerants that have no environmental
impact are under evaluation for a long term solution. CO, was re-investigated at the
beginning of the 1990’ s because of environmental concerns (Lorentzen and Pettersen,
1993). CO, has a number of advantages, such as no need for either recycling or recovery,
low cost as shown in Table 2.2, as well as zero ODP and the lowest GWP as shown in
Table 2.1. CO; isaso considered particularly for automotive systems because of the
relatively higher leak rates found in automotive applications. Many researchers expect
that the CO, will replace R 134ain the automotive air-conditioning systems in the near
future.

At first glance, the thermodynamic properties of CO, are not nearly as good as
those of the man made refrigerants, and thus one would expect a significantly lower

performance. However, the nature of the transcritical cycle with the temperature glide
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results in a smaller temperature approach at the heat rejection heat exchanger outlet
(Hwang, 1997 and Preissner, 2001). In addition, its transport properties are much better
than those of other refrigerants. CO, has a much smaller surface tension and liquid
viscosity, which result in higher boiling heat transfer and smaller pressure loss. These
attractive characteristics might lead to expanded use of CO; in the future (Zhao et al .,
2000). So far, much research has been conducted for comparing performances with HFC
refrigerants and for system optimizations, however, very few studies on CO, and ail

issues have been published in spite of the importance of the system approach.

Table 2.2 Characteristics and Properties of Refrigerants (Hwang, 1997)

Refrigerant R-22 R-134a NH3 CO,
Natural Substance No No Yes Yes
Flammability No No Yes No
Toxicity Yes Yes No No

Molar mass 86.48 102.03 17.03 44.01
Approx. relative price 1 3-5 0.2 0.1

2.2 Lubricants

The essential function of a lubricant is to lubricate the moving parts of the

compressor. Hydrodynamic lubrication is present in the normal modes of operation,

characterized by the formation of a lubricant film between moving parts. Boundary

lubrication occurs during abnormal conditions such as starting up, stopping, and

overloading due to inadequate amounts of lubricants. In each of the three above cases,

the mating surfaces are in contact when the [ubricant film is not thick enough to keep

surfaces separate (Popovic, 1999). In this section, the characteristics of MO and two

synthetic oils are described.




2.21 Mineral Qils

Three types of MOs are used in refrigeration systems. They are naphthenic,
paraffinic, and iso-paraffinic. These grades of |ubricants are obtained from crude oil
during the refining process. In general, the higher the degree of refining, the better the
lubricating properties. Higher levels of refining also improve the stability of lubricants,
which results in improved system reliability and resistance to degradation (Li and
Rajewski, 2000). MOs have been traditionally used as compressor |ubricants with R-12
and R-22 refrigeration systems because of good miscibility with those refrigerants.

However, MOs are barely miscible with HFC refrigerants or CO..

2.2.2 Polyol Ester Oils

As mentioned in a previous section, environmental concerns have led the air-
conditioning industry toward alternative HFC refrigerants. Due to the miscibility issue
with HFC refrigerants, synthetic lubricants such as POE and PAG have been introduced
as alternatives. Conventional types of POEs are manufactured using neopentyl alcohols
and carboxylic acid. Most commercia products have used normal fatty acids derived
from natural sources or mixtures of normal and dightly branched acid. Viscosity is
increased by using higher molecular acohols or acids (Short and Cavestri, 1992). The
ester linkages in the molecules provide polarity and improved miscibility with refrigerant
like HFCs, so POEs are used commercially with HFCs in all types of compressors. POES
show good miscibility characteristics with CO», but the viscosity reduction, caused by

high solubility and instability, possibly limits their applications.
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2.2.3 Polyalkylene Glycol Oils

PAGs are derived from ethylene oxide or propylene oxide. The polymerization is
usually initiated with either an alcohol or water. PAGs have excellent lubricity, good
low-temperature fluidity, and good compatibility with most elastomers. Major concerns
are that PAGs are somewhat hygroscopic, immiscible with MO, and require additives for
good chemical and thermal stability (ASHRAE Handbook, 1994). R-134a has been
applied as an dternative to R-12 for automotive air-conditioners. PAGs are widely used
as lubricants because of the requirement that the lubricants be soluble with R-134a.
However, PAGs are considered difficult to apply to household refrigerators with hermetic

compressors using R-134a due to their insulating properties (Sunami et al., 1995).

2.3 Polyalkylene Glycol Oilswith CO, Air-Conditioning Systems

To select the proper oil for CO, systems, several key properties should be
evauated, including solubility, miscibility, and stability. For compressors, the oil should
maintain the proper viscosity and guarantee the lubricity at extremely high temperature
and pressure conditions. In the two-phase region or liquid phase region, the oil must show
good miscibility with the refrigerant in order to be transported by the refrigerant. The ail
is required to be compatible with the materials used in the components of the system.

PAG was studied in this dissertation as a lubricant for a CO; ar-conditioning
system because the compressor manufacturer recommended PAG oil to guarantee
reliability and compatibility with compressor materials. PAG that was used in this study
has a viscosity of 43 ¢St at 40°C, 9.2 ¢St at 100°C, and a density of 996 kg/nT at 25°C.

The dielectric constant, which is measured by the level sensor to calculate the oil amount,
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isaround 6 at 20 °C. The following sections explain the key parameters of oil to be
considered, which relationships between CO, and PAG in terms of mutual solubility,

miscibility, viscosity, chemical stability, and lubricity.

2.3.1 Solubility

The solubility of arefrigerant/oil mixture refers to the ability of gaseous
refrigerants to dissolve in aliquid lubricant (ASHRAE Handbook, 1994). Thus, this
property is vital for the compressor environment, where the refrigerant exists in the vapor
phase and a considerable amount of refrigerant could be dissolved in the lubricant,
significantly affecting lubricant function (Popovic, 1999).

Very few studies have been conducted concerning CO-’s solubility in oil. A
solubility chart for gas CO, with PAG oil isshown in Figure 2.1 as was published by
Hauk and Weidner (2000). At a given temperature, the CO- solubility in PAG ail
increases with an increase of pressure. At the evaporating temperature, 10 °C, the CO-
solubility increases up to 30 wt.%, which results in high reduction of the liquid phase
viscosity. Since this chart was created for gaseous CO, and PAG oil when the state

becomes two phase, it can not be used.

2.3.2 Miscibility

The homogeneity of a solution of substancesin the liquid phase a a given
pressure and temperature is known as the property of miscibility. Applying this definition
to the refrigeration field, miscibility refers to the property of aliquid lubricant to form a
homogenous mixture either by dissolving or by being dissolved in the liquid refrigerant.

Miscibility depends on the lubricant concentration and temperature. Thus the refrigerant
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oils are classified as being completely miscible, partially miscible, or immiscible in the

refrigerant (ASHRAE Handbook, 1994). The completely miscible oils are mutually

soluble at any temperature. This type of mixture aways forms a single liquid phase under

equilibrium conditions. POE oils are known as being miscible with CO, in al

temperature and concentration conditions. The characteristic of a partialy miscible

solution isto exist as two distinct solutions: oil rich and refrigerant rich. Above a critical

solution temperature, the refrigerant and oil mixtures in this class are completely miscible,

and their behavior acts as a single phase.

Figure 2.2, based on Table 2.3, shows the CO, and PAG miscibility chart supplied

by the oil manufacturer. PAG is known as a partialy miscible oil with CO;. In Figure 2.2,

the line shows the critical solution temperature. Below the critical solution temperature,

the liquid may separate into two phases: one is lubricant—rich and the other refrigerant-

rich, depending on the predominant component. It seems that the CO, and PAG are not

completely miscible in evaporator conditions. On the other hand, in the gas cooler, where

temperatures are high, CO, and oil are possibly miscible with each other if the

supercritical CO, exists as a liquid- like phase, which has high density.

Table 2.3 Miscibility of CO, and PAG (Denso Cor poration, 1998)

Temperature Temp. of
Mass%oil | Mass% CO. | @-20°C @ 20 °C @ 40 °C separation
Q)

90 10 1 1 1 -

80 20 1 1 1 -

50 50 2 1 1 11
30 70 2 1 1 20
10 90 2 2 1 26
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2.3.3 Viscosity

Viscosity is defined as a resistance to flow and is a fundamental oil property. A
lubricant needs to have an adequate viscosity in order to provide proper lubrication. The
viscosity of oil is much greater than that of the refrigerant, and, therefore, any refrigerant,
which is significantly diluted in oil, reduces the oil’ s viscosity. Thus, a high degree of
solubility of arefrigerant in alubricant leads to large viscosity reduction as shown in
Figure 2.3, which is the viscosity chart for PAG oil with dissolved CO, published by
Kawaguchi et al. (2000). As aresult, an appropriate lubricant for a particular application
must be carefully selected in regard to its viscosity reduction, since adequate viscosity is
crucia for the lubrication of mechanical partsin compressors. For oil return, lower oil

viscosity provides better oil transport in the overall system.

2.34 Chemical Stability

Refrigerant oil must have excellent chemical stability. Otherwise, serious
problems including corrosion, plugged filters, capillary tube blockage, and reduction of
system performance can occur. In the enclosed refrigeration environment, the oil must
resist chemical attack by the refrigerant on all the materials encountered, including the
various metals, motor insulation, and any unavoidable contaminant trapped in the system
(ASHRAE Handbook, 1994). Three techniques are used to chemically evaluate materials:
material tests in sealed tubes, component tests, and accelerated life and system tests. The
glass sealed tube test, as described by ASHRAE Standard 97 (1989), is widely used to
evaluate the long term chemical and thermal stability of refrigeration system materials.
Sealed tube stability tests for CO, and several oils have been conducted (Li and Rajewski,

2000 and Kawaguchi et al., 2000). The tubes, each containing test [ubricants along with
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iron, aluminum, and copper strips, were charged with CO». They were put into an oven
controlled at 175 °C for eight weeks (Li and Rajewski, 2000). After that, the oil was
analyzed for acid level, metal content and lubricant degradation. A high total acid number
(TAN) and 500 ppm of dissolved iron were found in POE, while the PAG was found to
have a TAN of 0.2 and O ppm of iron concentration. Low TAN indicates that the oil
would not have been expected to cause corrosion in metals. Kawaguchi et al. (2000) also

reported that PAG had good chemical stability with CO, in supercritical conditions.

2.3.5 Lubricity

The primary function of the refrigerant ail is to reduce friction and minimize wear.
The oil achieves this by interposing a film between moving surfaces. The film reduces
direct solid-to-solid contact or lowers the coefficient of friction. Film strength or load-
carrying ability are terms often used to describe lubricant lubricity characteristics under
boundary conditions. Several tests have been standardized by the American Society for
Testing and Materials (ASTM) as follows: the Falex method (ASTM D 2670), the four-
ball extreme-pressure method (ASTM D 2783), the Timken method (ASTM D 2782), and
the Alpha LFW-1 (ASTM D 2714) (ASHRAE Handbook, 1994).

The Falex method was used by Seeton et al. (2000) to test [ubricity of oils with
CO.,. They investigated the lubricity of PAO, AB, PAG, and POE and found that PAG
showed the best lubricity with CO,. This was because PAG maintained higher mixture
viscosity than other mixtures. Li and Rajewski (2000) concluded from lubricity tests
using the Falex method that CO did not adversely affect the load-carrying capability of
the PAG compared to air. Kawaguchi et al. (2000) also reported that PAG showed

excellent lubricity in supercritical conditions.
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CHAPTER 3 Experimental Facility

3.1 Test Facility

The experimental facility was designed and constructed to investigate oil retention
characteristics of each system component. The test facility for oil retention mainly
consists of arefrigeration loop and an oil loop. These two |oops are connected to or
disconnected from each other by athree-way valve in such a way that the refrigerant flow
direction can be controlled. The refrigeration loop was modified from an existing CO,
automotive air-conditioning system. The air-conditioner was operated between two
temperature conditions, indoor and outdoor. Air-side test conditions were provided by a
closed air loop and an environmental chamber, which ssmulate the indoor and outdoor
conditions, respectively. The evaporator was located in the indoor-side air loop, while the
other components (i.e. compressor, gas cooler) were in the environmental chamber.

In the indoor-side air loop, as shown in Figure 3.1, the air flow rate could be
adjusted using a variable speed fan. The air flow was calculated from the pressure drop
across anozzle in the loop. The air inlet and outlet temperatures were measured with a
grid of nine thermocouples upstream and downstream of the evaporator. Figure 3.2 shows
how the gas cooler was mounted in the outdoor-side air loop in the environmental
chamber. An air-handling unit controlled the conditions in the environmental chamber in
which the outdoor-side air loop was placed. The air flow rate as well asinlet and outlet

air temperatures were measured in the same manner as for the evaporator.
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The main functions of the oil loop are to inject ail into the system components
and to extract the injected oil from the system. A number of instruments, which were
linked to a data acquisition system, were used to measure and control the performance

parameters.

3.1.1 Refrigeration Loop

A schematic diagram of the refrigeration loop of the CO, system is shown in
Figure 3.3. Between each component of the system, the pressure and temperature of the
refrigerant were measured to determine the state of the refrigerant. The refrigeration loop
consisted of a compressor driven by an electric motor, a gas cooler, amanual expansion

valve, and an evaporator.

Compr essor

The open type CO, compressor had 6 cylinders and a displacement volume of
20.7 cn? per revolution. Allowable running conditions were 3 to 5 MPa for the suction
pressure, 7 to 15 MPafor the discharge pressure, and less than 140°C for the maximum
discharge temperature. The compressor RPM was varied by an electric motor controlled
by changing the inverter frequency. This procedure controlled the refrigerant mass flow

rate.

Oil Separator

The oil separatorswere installed at the compressor discharge in order to minimize
the ail flow to the test section and to supply the oil from the oil separatorsto the
compressor suction by the pressure difference. Thisinstallation prevented potential

compressor damage. The oil separators were designed to use centrifugal force to
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effectively remove oil from the CO,/0il mixture. The CO-/oil mixture tangentially flowed

into the round shape oil separator. Separated oil flowed along the wall due to its higher

centrifugal force. In order to effectively minimize oil flow to other components, two ail

separators were installed in series. Hwang et al. (2002) reported that the oil separator

showed very high efficiency about 99.9% based on the ASHRAE sampling method and

oil circulation ratio sensor only with one oil separator installed at the discharge line.

Since two oil separators were used, the oil discharged from the compressor was

effectively separated and then returned to the compressor suction.

Heat Exchangers

An evaporator and a gas cooler used inthe system were based on microchannel

tubes. The detail specifications of these heat exchangers are shown in Table 3.1.

Table 3.1 Specifications of Heat Exchangers

Heat Exchangers Evaporator Gas Cooler
Height (mm) 230 296
Length (mm) 200 638
Width (mm) 58 24

No. of Tubes 22 (2 rows) 32

No. of Port 30 21
Diameter of Port (mm) 0.55 0.7

Fin Height (mm) 9 9
Number of Fin (ea per inch) 20 14

Suction Line

In this study, the suction line is taken to mean the pipe from the evaporator outlet

to the ail extractor. The suction line lay horizontally and was 3.8 m long, had an outer

diameter of 0.0095 m (3/8”), a tube thickness of 0.00012 m, and a total inner tube volume
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of 176 ml. The suction line was well insulated so that the temperature increase through

the suction line was limited lessthan 1 °C.

Accumulator

An accumulator, shown in Figure 3.3, was installed in the suction line to prevent
any liquid refrigerant supply to the compressor and to store excessive liquid refrigerant in
some operating conditions. The internal volume of the accumulator was 250 ml. Another
function of the accumulator was to supply oil to the compressor so that, initially, oil was

charged in the accumulator.

Flow Visualization Section

The flow visualization section was designed to monitor flow patterns of the CO,
/oil mixture and check the efficiency of the oil extractor or oil separators. The
visualization section, shown in Figure 3.4, mainly consisted of a sight tube, a flat glass, a
gasket, abody part, and two cover plates. The visualization section, 33 cm long and 7.6
cm wide, was combined with the body part and cover plate. The cushion (made of
polyethylene elastomer) between the sight tube and NPT fitting was installed to fill the
system with gas. 18 high-strength bolts tightened the cover plates and body part to endure
such a high CO, system pressure. Because maximum allowable pressure of the sight tube
(outer diameter: 0.0127 m, max. pressure: 4 MPa) was lower than the operating pressure,
the pressure difference between inside and outside of the sight tube was minimized by
connecting the pressure equalization line between the inlet tube and the outside of the
sight tube as illustrated in Figure 3.4. Flat glass, which has a 20 MPa maximum operating

pressure, was inserted between the body part and cover plate to observe the flow patterns
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inside the sight tube. Therefore, the pressure force in the visualization section was taken
by the flat glass. The gasket, made from a nortasbestos material, was inserted between
the flat glass and the body part to prevent leaks from the clearance between the flat glass
and cover plates. The flow visualization section was installed at the outlet of the oil
separator where the compressor discharge line was located. Its function was to check the

oil flow. It was also installed at the suction line for the flow pattern analysis.

3.1.2 Oil Loop

A separate oil loop was installed in the test facility to serve the following two
purposes:
> Inject the ail to the test section at the desired ail circulation ratio;
» Extract the oil from the test section and measure the oil amount extracted.
The ail loop, shown in Figure 3.5, consisted of a gear pump, a mass flow meter,
an oil extractor, an oil accumulator, and an oil reservoir. The test section shown in Figure
3.5 could be a suction line, an evaporator, or a gas cooler, depending upon the oil
injection port. The check valves were installed ahead of the injection ports to prevent
reverse flow from the refrigeration loop into the oil loop. Figure 3.6 shows the potential
oil injection partsin the test setup combined withthe refrigeration loop and the oil loop.
While the oil injection ports were installed at the inlet and outlet of the heat exchangers,
the oil extraction port was placed at the suction line in order to effectively extract the
injected oil. Other injection ports were closed using their respective ball valves during the

oil injection at any one specific port.
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Oil Injection Pump

In order to control the oil flow rate at the desired oil circulation ratio, a gear pump
driven by avariable DC motor was installed in the oil loop. The oil injection pump was
connected to the ail reservoir. Basically, in order to pump ail into the system, the oil
reservoir tank should maintain a certain pressure not to exceed the differential pressure
limit of injection pump. If the pressure difference between injection port and oil reservoir
is larger than the pump limit, magnet decoupling occurs because of the imposed excess
torque limit of the pump. As aresult, the pump stops its injection. The oil reservoir
pressure was, therefore, equalized to the oil extractor outlet pressure by installing the
pressure equalization line 1 asillustrated in Figure 3.5 to keep similar pressure between
the oil injection port and ail reservoir. The specifications of the ail injection pump are

shown in Table 3.2.

Table 3.2 Specifications of Gear Pump

Item Specification

Model 220 series

Flow range 0 — 1500 mi/min (0 — 1750 rpm)
Max. pressure 10.3 MPa

Max. differential pressure 0.85 MPa

M anufacturer Micro Pump

Oil Accumulator

As shown inFigure 3.5, an oil accumulator (2,750 ml of internal volume) was
vertically positioned next to the oil extractor to measure the oil volume by the level
sensor inserted into the oil accumulator. The extracted oil in the oil extractor flowed

downward to the oil accumulator by gravity. The oil accumulator was connected to the



oil reservoir. After each test a valve between the oil accumulator and the oil reservoir was
left open to release ail into the oil reservair.

The pressure equalization line 2 was positioned between the oil accumulator and
the low-pressure side. The purpose of the pressure equalization line is to prevent the oil
accumulator from being pressurized by an increased oil volume. Without this pressure
equalization line, the il flow from the oil extractor to the oil accumulator would be
disturbed due to pressurization at the oil accumulator, making it difficult to measure the

flow rate of oil extraction.

Oil Extractor

The function of an oil extractor isto effectively separate oil injected at the
injection port from the CO»/oil mixture. From the literature survey (Tech Tips of Oil
Separators), it was found that a commercial oil separator operates satisfactorily. However,
the commercial oil separator has a maximum allowable pressure up to only 3 MPa, and
could not be used as it is as an oil extractor in the CO, system due to its pressure limit. In
order to use acommercially available oil separator in higher operating pressure systems,
one was installed inside a high-pressure vessel, as shown in Figure 3.7. To minimize the
pressure difference between the inside and outside of the oil separator, the oil separator
outlet was exposed inside the vessel. The commercia oil separator used in this test was
an AC&R Hélical Oil Separator, model S-5182. Upon entering the oil separator, the
refrigerant/oil mixture encounters the leading edge of a helical path. The refrigerant/ail
mixture is centrifugally forced along the spiral path of the helix, which causes the heavier
oil particle to spin to the perimeter, where the impingement with a screen layer occurs.

The screen layer serves adual function: an oil stripping and draining medium. Separated
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oil flows downward along the boundary of the shell through a baffle and then into the oil
collection areain the bottom of the separator. Virtually oil-free refrigerant gas exits
through afitting just below the lower edge of the helical path. In this experiment the
efficiency of the extractor defined as the ratio of extracted oil to injected oil was
measured and toward to be the range from 85 to 100%, depending on the refrigerant mass

flow rate.

3.2 Measurement and Data Acquisition

The instrumentation was designed to measure system properties. There were four
types of measurements necessary to obtain the data needed to calculate ail retention in
CO, ar-conditioning systems. They were temperature, pressure, mass flow rate, and oil

volume.

3.2.1 Measurements

Temper ature M easur ements

Thermocouples were used to measure temperatures at several locations in the test
facility. The data acquisition system uses hardware and software compensation to
simulate the reference junction, thus eliminating the need for a physical reference
junction maintained at a constant reference temperature. The voltages from the
thermocouples are converted into temperature values using appropriate correlations in the

data acquisition program (Hewlett Packard, 1987).
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Table 3.3 Specifications of Thermocouples

Item Specification
Thermocouple type T-type

Alloy combination Copper-Constantan
Temperature range -270t0 400 °C
Accuracy 0.5°C

M anufacturer Omega Engineering, Inc.

The thermocouple probes were installed in-stream inlet and outlet of each cycle

component. The other thermocouples were attached on the tube wall by means of

aluminum adhesive tape to ensure good contact between the thermocouple junction and

the tube surface. Detailed specifications are shown in Table 3.3

Pressure M easur ements

System pressures were measured using Setra 280E absolute pressure transducers.

The absolute pressure transducers were installed at the compressor discharge, gas cooler

inlet, expansion valve inlet, evaporator inlet, and compressor suction. Differential

pressure transducers were also installed between the gas cooler-inlet and, outlet and the

evaporator-inlet and, outlet to measure the pressure drop across the heat exchangers. The

pressure transducers had a maximum operating range of 20.7 MPa, and their output

signal ranged from 0 to 5 VDC, which was arranged to be proportional to the pressure.

Detailed specifications of the absolute and differential pressure transducers are shown in

Table3.4 and Table 3.5.
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Table 3.4 Specifications of Absolute Pressure Transducers

Item Specification

Model 280E

Pressure range 0-3,000 psia (0-20,684 kPa)
Accuracy + 0.11% Full Scale
Output 0-5VDC
Excitation 24 \VVDC Nomind
Manufacturer Setra Systems, Inc.

Table 3.5 Specifications of Differential Pressure Transducers

Item Specification

Model 228-1 DT1400
Pressure range 0-100 psia (0-689 kPa) 0-150 psia(0-1,034 kPa)
Accuracy + 0.2% Full Scale

Output 0-5VDC

Excitation 24VVDC Nomina

Manufacturer Setra Systems, Inc Stellar Technology.

M ass Flow Rate M easur ements

For the oil retention test, two Coriolis mass flow meters were installed in the
system to measure the oil circulation ratio, which is defined as the ratio of refrigerant
mass flow rate to the total of refrigerant and oil mass flow rates. The refrigerant side
mass flow meter specifications are shown in Table 3.6. The mass flow meter was
installed at the gas cooler outlet.

In order to measure the amount of oil injected, an oil mass flow meter was
installed just in front of the oil injection port. The density of the oil injected into the
system was also measured by the oil mass flow meter. The oil mass flow meter had to be

scaled down and re-calibrated in order to measure low mass flow rates because the oil
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injection flow rate was relatively smaller than the capacity of the mass flow meter. By
doing this calibration, the mass flow meter could measure oil injection rates up to 3 g/s,

so the accuracy was increased. Specifications of the oil mass flow meter are given in

Table3.7.

Table 3.6 Specifications of Refrigerant Mass Flow M eter
ltem Specification
Sensor model DH38 Series
Transmitter model RFT9712
Flow range 0-115¢/s
M aximum operating pressure 35.8 MPa
Operating temperature -240t0 117 °C
Accuracy + 0.2% of rate
Output 4t0 20 mA
Manufacturer Micro Mation Inc.

Table 3.7 Specifications of Oil Mass Flow M eter
Item Specification
Sensor model D12 series
Transmitter model Elite Model RFT9739
Flow range 0-3g/s
Maximum operating pressure 11.7 MPa
Operating temperature -240 t0 204 °C
Accuracy + 0.2% of rate
Output 41020 mA
Manufacturer Micro Mation Inc.

Oil Volume Flow Rate M easur ement

In order to calculate oil retention amount at each test section, it was necessary to

measure the oil amount extracted from the oil extractor. A level sensor measuring the oil
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level was installed at the inside of an oil accumulator to measure the oil volume rate of
extracted flowing from the oil extractor by gravity.

The function of the level sensor is to measure the capacitance change by the level
sensor probe depending on the dielectric constant of different materials. The dielectric
constant is the ability to store an electrostatic charge using a numerical value on a scale of
1 to 100. A change in the value of the capacitance took place because of the dielectric
difference between the electrode and the oil accumulator wall (Omega Handbook, 2000).
The dielectric constant of CO, is 1, and that of PAG is6 at 20 °C. Table 3.8 showsthe
specifications of the level sensor. Asthe level rises, the CO, gasis displaced by the ail,
which has a different dielectric constant. A radio frequency capacitance instrument
detects this change and converts it into arelay actuation or a proportional output signal,
which is 0 to 20 mA. The capacitance relationship is illustrated by the following

eguation:

C = 0255k 20 (3-1)
eDg

where C : Capacitance [pF]

: Dielectric constant of material

: Area surrounded by oil [nT]

: Distance between the accumulator wall and an electrode [m]

o>» X

The level sensor was calibrated by the oil mass flow meter. The oil was injected
into the oil accumulator through the oil mass flow meter. At the same time, the output
signal, which corresponds to the oil level in the oil accumulator, was measured by
comparing the oil mass flow rate to the oil volume flow rate. Using the known oil density,

the linear calibration curve was cal cul ated.
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Table 3.8 Specifications of Oil Level Sensor

Item Specification
Sensor model LV5200
Transmitter model LV5900
Range 0-38cm
Max. Pressure 6.89 MPa
Max. Temperature 232°C
Linearity + 0.5% of full scale
Output 41020 mA
Manufacturer Omega

3.2.2 DataAcquisition

Signals from system measurement devices were fed to a data acquisition system
(DAS), which has hardware and software components. The hardware component
consisted of a Hewlett Packard Data Acquisition Unit (HP 3497A), for collecting data
and a Pentium processor personal computer for display and storage of data. The data
acquisition unit has separate cards to accomplish different functions. There are mainly
two types of cards: T-Couple Acquisition, which can measure temperature from T-type
thermocouples, and Guarded Acquisition, which can measure the voltage output coming
from various transducers or transmitters (e.g. the pressure transducers, the mass flow
meters transmitters, the level sensor transmitter, etc.).

All outputs from the thermocouples, the pressure transducers, the mass flow
meters, and the level sensor were connected to the DAS. All these data were displayed by
LabView software, which is a graphical, user-friendly programas shown in Figure 3.8.
This program converts the voltage readings into temperature, pressure, flow rate, and oil

level. It displays all test status including system status and ar-side cooling capacity.
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While running the test, data was collected and displayed at 8 second intervals. It was aso

stored at the same intervals on the computer’s hard drive.

3.3 Uncertainty Analysis

This sectionattempts to determine the magnitude of uncertainty of the oil
circulationratio and the oil retention The systematic experimental uncertainty of
measurements due to the uncertainty of individual parametersis referred to as the

propagation of uncertainty (Beckwith et at., 1992).

2 2 .2 2
Ue :\/a“: >Ulg +?£ng +§£m3% Fo +a“: mng
™ g v, 7] Vs 7] v, 7]
where U > uncertainty of the function
Un - uncertainty of the parameter
F : function
Vi - parameter of interest (measurement)
n - number of variables

The oil retention volume at each test was calculated by Equation (3-3) as

described in the next section, 4.1.

Y/

extraction

OilRetenti onVolume=V.

injection ~

Vinjection = f (r o’ rno ’t)

Vextraction = f (V)
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The uncertainty of the oil retention volume is estimated from two different
uncertainty sources of the oil injection and oil extraction. The oil volume by injection at
the test section, as shown in the Equation (3-4), isafunction of oil density, oil mass flow
rate, and time. The uncertainties of the oil volume by injection are found by applying

Equation (3-2) to Equation (3-4).

2 <2 2
u\/ x 1-[Vinjection 9 + ga 1-[Vinjection 9 + ah 1-[Vinjection 0

injection = guro - § . - g t
e 6 &™ qm o

(3-6)

Q-

On the other hand, only the level sensor caused uncertainty in the oil extraction
volume, since the oil volume at the oil accumulator was directly calculated from the
output signal of the level sensor. The uncertainty of the oil retention volume is cal culated

by using Equation (3-7).

B " X > >
uO”RetentanOI ume - \/(u\/l njecliun) + (uvextraction) (3-7)

Where Uyiseion - UNcertainty of oil injection
Uveracion - UNCErtainty of oil extraction

The uncertainty for the oil circulation ratio, defined by the ratio of the mass flow

rate of oil to the mass flow rate of CO, and oil mixture, is represented by Equation (3-8).

.2 .2
e o & 0
& JOCRY Z  fOCRY

(3-8)

Uocr = 4EU. . .
€™ Mg 6™ 1Tm 2

The actual parameters used to calculate the Equation (3-3) are shown in

Table 3.9, which also includes the associated uncertainties of these parameters.

43



Table 3.9 Estimates of the Uncertainty of M easured Quantities

Quantity Actual Value of Test No. 5 Uncertainty
Time (t) 758 [se] + 0.15 [sec]
Qil Extraction Volume (Vextraction) 190 [ml] + 5.3 [ml]
Oil Density (r o) 1.01 [g/ml] + 0.002 [g/ml]
Oil Mass Flow Rate (M) 0.26[g/s] +0.025[g/s]
CO, Mass Flow Rate (m; ) 13.50[g/s] *03[dfs]

The sample results for the uncertainty of the oil circulation ratio and oil retention

volume are presented in Table 3.10. For test number 5, the uncertainties of the ail

circulation ratio and oil retention are shown as 9.7% and 10.9%, respectively. These large

uncertainties are mainly due to the low oil mass flow rate. The uncertainties for test 5 are

marked on Figure 5.1.

Table 3.10 Uncertaintiesfor Oil Circulation Ratio and Oil Retention

Test Number in Uncertainty of Uncertainty of
Appendix A Qil Circulating Ratio (%) Oil Retention (%)
5 9.7 10.9
15 55 6.0
25 5.7 7.4
45 8.3 8.8
55 5.9 6.5
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CHAPTER 4 Experimental Methods

4.1 Methodology of Oil Retention M easur ement

In this study, an oil injection-extraction method was adopted to measure the oil
retention in each cycle component. The test methodology was designed and verified by
Hwang et al. (2000) to measure the mean oil film thickness at the vertical suction line of
afreezer. The basic idea is measuring differentiated oil volume between the oil volume
injected and the oil volume extracted across the test sectionafter reaching steady state
condition. As soon as ail flows into the system component, oil starts to accumulate in the
component until it reaches saturation amount, which is determined by heat exchanger
geometry, flow rates and thermophysical properties of refrigerant and oil. This saturation
amount is referred as the oil retention volume in this dissertation Detailed information on
the methodology of oil retention is explained as follows.

At each test, oil retention volume was calculated according to Figure 4.1. In
Figure 4.1, the y-axis represents the oil volume either injected at the inlet of the test
section or extracted at the end of test section by the oil extractor. The x-axis represents
the duration from the time of oil injection into the test section to the end of the test, which
isdetermined by the oil volume increase rate reaching its steady state. The solid line of
figure represents the oil volume injected into the system which is obtained fromthe oil
mass flow rate and oil density. The slope of this line shows the volumetric oil injection
rate. As soon as the oil isinjected into the test section, the dope of volumetric oil

injection rate reaches its steady state.
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A dotted line (line 1) indicates the volume of oil extracted. Thislineis plotted
based on the measurement by the level sensor at the oil accumulator. As shown in Figure
4.1, during the first 100 seconds after oil injection began, the oil amount in the ail
accumulator did not increase. This is because of the initia oil film forming in the test
section between the injection port and the oil extractor. After the initia time delay, the oil
film accumulation in the heat exchanger and tube reached its saturationamount. After
this steady state, the increase rate of oil volume extracted at the oil accumulator became
the same as that of the oil volume injected, so that two lines became parallel. The vertical
distance between two lines in the figure is a measure of the oil volume that was retained
in the test section.

Ideally, the two lines for oil injection and extraction should be parallel right after
theinitial time delay. However, because the oil extractor efficiency is less than 100%
under higher refrigerant mass flux, the line labeled 1 is not paralel to the line of oil
volume injected. After compensating the oil extractor efficiency, line 1 becomesline 2.
Thus, these two lines become parallel to each other after an initial time delay. The oil
extractor efficiency was determined by the ratio of oil amount by line 1 to the oil amount
by line 2 at certain time. The oil amount lost from the oil extractor due to itsefficiency

was stored in the oil separator located in the compressor discharge line.

4.2 Experimental Procedures

In this study, four different refrigerant mass fluxes, 290, 352, 414, and 559 kg/n's,
based on the suction condition were tested. These refrigerant mass fluxes were selected

based on the automotive compressor idling/driving conditions. However, since the
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pressure drop across the oil extractor was found to be too high at driving conditions
(1,800 RPM), the compressor RPM was reduced to 600 RPM for idling and 1,450 RPM
for driving.

The oil circulation ratio, which is defined as the ratio of the mass flow rate of the
oil to that of the refrigerant/oil mixture, was varied from 1 to 7 wt.% by changing the oil
mass flow rate while fixing the refrigerant mass flow rate. An injection port was installed
at the inlet and outlet of the evaporator and at the inlet of the gas cooler. The oil retention
volume in the suction line, evaporator, and gas cooler was obtained by choosing different
oil injection ports.

In the test runs, the evaporator inlet pressure was kept at 4 MPa, which is a typical
condition of automotive air-conditioning systems. The temperatures selected to smulate
indoor and outdoor operations were 27°C and 36.1°C, respectively, while the humidity
was fixed around 40% RH in all tests. The pressure drop across the heat exchangerswas
measured to investigate the effect of oil retention on the pressure drop. To examine the
effect of the inlet vapor quality at the evaporator on the oil retention, a suction line heat
exchanger (SLHX) was installed for the refrigerant mass flux a 290 kg/nfs. A series of
tests was conducted to determine the oil retention amount at each cycle component.

In order to remove the oil remaining in the system from the preceding test, the
system was flushed with higher refrigerant flow rate after each test. During this process,
oil level at the oil accumulator was also monitored to check whether any further oil
extraction occurs or not. It is determined that the system is free of oil when the monitored
oil level does not change. However, in spite of the flushing procedure, it is possible that

small amount of oil might still remain in system component as a thin oil film onthe walls
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of tubes or heat exchangers. Thus, the oil retention volume measured in current
experiment possibly includes the residual oil amount from the proceeding test. However,
after each component test, the residual oil at system components was purged with high
pressure nitrogen gas, and it was found that only few grams of oil, which was less than
1% of oil volume charge initially, was collected. Therefore, this residual oil amount due
to preceding test was so small that the effect was negligible. The test procedure was as

follows:

1. Therefrigerant mass flow rate was set to desired values by adjusting the
compressor RPM, an expansion valve opening, and the charge amount.

2. The evaporator inlet pressure was fixed to 4 MPa by adjusting the expansion
valve opening. For all tests, the evaporator inlet pressure was kept constant for a
fair comparison of the oil retention in the evaporator.

3. When the refrigeration cycle reached its steady state and the oil level in the ail
accumulator was saturated, the oil injectionwas started.

4. Theoil injection mass flow rate was adjusted to the desired value by adjusting the
variable speed gear pump.

5. Theball valve, which was installed at the oil injection port, was opened, and oil
was injected into the system through the check valve. The oil was injected until
the oil volume increase rate in the oil accumulator reached its steady state.

6. After stopping the ail injection, the refrigeration system was kept running until
the extracted oil reached its steady state. This means that most of injected oil was

removed from al the system components by the refrigerant flow.

52



7. Testswere repeated for various refrigerant mass flow rates, oil circulation ratios,

and injection ports.
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CHAPTER S5 Experimental Results

5.1 Oil Retention

In genera, most ail stays either in the compressor shell or in the discharge ail
separator, which is alarger container for oil storage during operations. However, a certain
amount of oil discharged with refrigerant from the compressor is retained in cycle
components, so the performance or reliability of system can be affected by oil retention.
Since the thermal conditions of each component at given refrigerant flow rate and the
geometry of each component are different, the oil retention amount for each system
component can aso be different.

In this chapter, the experimental test results of the oil retention and pressure drop
are described, which were obtained by using the oil injection-extraction method at
various refrigerant mass fluxes and oil circulation ratios for the different system
components, including the suction line, the evaporator, and the gas cooler. First, the test
results for oil retention in the suction line and evaporator are discussed, and the effects of
the refrigerant mass flux and inlet vapor quality are presented. Then, oil retention at the
gas cooler is described. Second, based on the oil retention results for each component, an
oil distribution chart for CO; ar-conditioning systems is suggested. All test conditions
and results of the oil retention obtained during the current experiments are summarized in

Appendix A.
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5.1.1 Oil Retention in the Suction Line & Evaporator

To investigate ail retention characteristics of the suction line and evaporator, oil
was injected twice at the evaporator inlet and outlet. While the evaporator inlet pressure
was kept at 4 MPafor al tests, the oil flow rate was varied to obtain the desired il
circulation ratio. The ail retention volume ratio indicated on the y-axis in Figure 5.1
through Figure 5.10 is defined as the ratio of the oil retention volume obtained by current
experiments to the oil volume charged initially in the accumulator. The amount of oil
volume charged initially was 250 ml, which is typical oil charge amount for the
automotive air conditioning systems. Thus, the oil retention volume ratio represents oil
distribution at each cycle component based on the fixed oil amount charged initially. Qil
circulation ratio indicated onthe x-axis in Figure 5.1 through Figure 5.12 is defined as
the ratio of refrigerant mass flow rate to the total mass flow rate of refrigerant and ail
mixture. Oil circulation ratio was varied up to 7 wt.% based on the typical oil circulation
ratio of air conditioning systems, which isless than 5 wt.%.

In al figures, data are presented at fixed mass flux. Since, at given refrigerant
mass flow rate, the mass flux is different at each system component due to difference
inner cross sectional area, mass flux at the suction line is used in figures for the oil
retention volume ratio and mass flux of each heat exchanger is used in figures for
pressure drop penalty factor.

The symbols (" ), (} ) in Figure 5.1 through Figure 5.4 represent the oil retention
volume ratio at given conditions when the oil is injected at the evaporator outlet and the
evaporator inlet, respectively. The lower curves with diamond symbols in figures show

the ail retention volume ratio from the evaporator outlet to the oil extractor. This denotes
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the ail retention volume ratio of the suction line. The upper curves with square symbols
represent the oil retention volume ratio from the evaporator inlet to the oil extractor,
which means the ail retention volume ratio of the evaporator as well as the suction line.
Thus, the oil retention volume ratio in the evaporator can be determined by the
differences between the two curves. The test results, detailed in Appendix A and
corresponding to test numbers 1 through 17 and 35 through 39, depending on injection
port, are plotted in Figure 5.1. Figure 5.1 shows oil retention volume ratio versus ail
circulation ratio up to 7 wt.% in the suction line and the evaporator for the mass flux 290
kg/nts. The uncertainty of test number 5 is shown as overlapping with the lower curve of
Figure 5.1. The oil retention volumeratio in the suction line increases up to 0.15 at 5.2
wt.% of the oil circulation ratio, at the same time the ail retention volume ratio in both
evaporator and suction line increases from 0.18 to 0.28 at the oil circulation ratio 1.4 to
6.0 wt.%. Asthe oil circulation ratio increases, the oil retention volume ratio in the
suction line also increases. The oil retention volume ratio in the evaporator, which is the
difference between the two curves of figure, slightly increases with an increase of the oil
circulation ratio. Figure 5.2 through Figure 5.4 also show the ail retention volume ratio
under three different mass fluxes, 352 kg/nts, 414 kg/nts, and 559 kg/nts, respectively.
These results show similar trends indicating that the oil retention volume ratio of the
suction line and evaporator increases with an increase of the ail circulation ratio.

The lower curves with diamond symbolsin Figure 5.1 through Figure 5.4, which
are the measured value of oil retention volume ratios in the suction line, have a tendency
to bend toward around O or minimal oil retention volume ratio when the oil circulation

ratio is close to 0 wt.%. On the other hand, the upper curveswith square symbols, which
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are the ail retention volume ratios both in the evaporator and suction line, do not show a
similar tendency and seem to result in certain oil retention volume ratio from 0.06 to 0.1
at around 0 wt.% of the oil circulation ratio. This indicates that the evaporator has the
minimum oil retention volume. As soon as the circulating oil enters the evaporator, it is
retained either in the microchannel tubes or headers of the evaporator. Then, as shown
Figure 5.5, the oil retention volume ratio in the evaporator reaches minimum retention
values of around 0.02 to 0.08, depending on the mass flux. Since the evaporator can
retain a certain amount of oil even at asmall oil circulation ratio, it is assumed that the
evaporator can be free from the il only at 0 wt.% of oil circulation ratio.

Figure 5.1 through Figure 5.4 indicate that the oil retention volume ratio of the
suction line is not affected by the mass flux. It should be noted that the temperature at the
evaporator outlet was varied from 9°C to 17°C even though the evaporator inlet
temperature was kept constant for all tests. For a higher mass flux, 559 kg/nts, the
suction temperature was around 9°C due to less superheating at the evaporator outlet. On
the other hand, the suction temperature for the lower mass flux, 290 kg/ns, was around
17°C. The difference in the suction temperature was caused by the difference of inlet
vapor quality at the evaporator. When the refrigerant temperature decreased, the ail
becomes more viscous and the oil film becomes thicker. Relatively high oil viscosity due
to the lower temperature caused more oil retention even for the higher mass flux, 559
kg/mfs. The measured oil volume ratio for the mass flux, 559 kg/ns, in the suction line

shows amounts similar to the value for the mass flux, 414 kg/nts.
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5.1.2 TheEffects of Refrigerant Flow Rate

The effects of refrigerant flow rate on oil retention were investigated with respect
to the ail circulation ratio. The values of oil retention volume ratio in the evaporator, as
shown in Figure 5.5, are not directly measured from the experiment but are calculated
from the difference between the two curves as shown in Figure 5.1 to Figure 5.4.

In the case of mass flux, 290 kg/nts, represented by the top curve with diamond
symbols of Figure 5.5, the ail retention volume ratio in the evaporator increases from
0.09 to 0.11 asthe ail circulation ratio increases from 1 to 5 wt.%. For the mass flux of
414 kg/n's, the oil retention volume ratio in the evaporator was increased from 0.03 to
0.07, which is less than that of the mass flux of 290 kg/n?s. As the mass flux increases,
the oil retention in the evaporator decreases due to higher viscous forces of the CO; gas.
When the mass flux was further increased to 559 kg/nt’s, the oil retention volume ratio
was similar to the result for the mass flux, 414 kg/nts. This means that a minimum oil
retention volume may exist in the evaporator against the increase of mass flux based on
the mass flux range of current experiment.

It should be noted that the inlet vapor quality of the evaporator in this study was
varied from 0.5 to 0.8 depending on the mass flux. The inlet vapor quality of the
evaporator was kept in 0.8 and 0.5 for the mass flux, 290 kg/nfs and 559 kg/nts,
respectively. The ail retention in the evaporator is for the most part caused by the
increase in the local liquid viscosity and surface tension forces in the ail rich film. Such
oil retention generally occurs in the high quality and superheated region of the evaporator
(Zurcher et al., 1998). For mass flux of 290 kg/ s, arelatively larger oil retention

volume ratio was resulted in the evaporator since the lower mass flux causes a lower
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viscous force, and the high quality and superheated region are dominant in the
microchannel tubes of the evaporator. The effect of vapor quality on oil retention in the
evaporator is discussed in the next section.

The oil retention is also affected by the geometry of the evaporator. In the
evaporator, oil can be retained not only in the horizontal microchannel tubes, but also in
vertical headers of the evaporator. Some oil might be retained at the outlet header, since
the CO», gas should carry the oil film vertically upward. However, it is possible that oil
cannot be carried by CO, gas when the CO; gas velocity at the lower part of the outlet
header is not enough to exert sufficient shear force on the oil. For alow mass flux, 290
kg/mfs, more oil can be retained both in the outlet header due to low a shear force to
carry the ail to vertical upward and also in the microchannel because of the reasons
mentioned above. Even though the header’ s effect on the oil retention in the evaporator
was hot investigated directly during the current experiment, the oil retention with
consideration of header in the evaporator can be estimated by means of asimulation. This

simulation result is discussed in section 7.2.2.

5.1.3 TheEffect of Inlet Vapor Quality

As described in the previous section, oil retention usually occurs increasingly in
the high quality and superheated regionof the evaporator. At the same mass flux, higher
inlet vapor quality results in more superheated area at the evaporator, which causes
different oil retention effect. To verify this statement, the oil retention volume ratio of the
evaporator was measured by varying inlet vapor quality. The result of the evaporator inlet
vapor quality effect on oil retention can be seen in Figure 5.6. The mass flux is fixed &

290 kg/mfs while the inlet vapor quality has the value shown for the two curves, 0.7 and
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0.8. The larger ail retention volume ratio was observed for the higher inlet vapor quality,
0.8, than for the inlet vapor quality, 0.7. This is because a greater portion of the
evaporator is occupied by a high vapor quality and superheated vapor in the case of the
higher inlet vapor quality, 0.8. Basically, ail retention in the evaporator increases at the
end of the evaporation process where either the vapor quality is high or vapor is
superheated because the local liquid viscosity increases by the increase of oil
concentration in the liquid film. To minimize this type of oil retention in the evaporator,
maintaining a high refrigerant flow rate and a low inlet vapor quality in the evaporator is
recommended. The ssimulation result for the effect of inlet vapor quality and degree of

superheating in the evaporator is also discussed in detail in the sections 7.3.2 and 7.3.3.

5.14 Oil Retention in the Gas Cooler

The ail retention volume ratio at the gas cooler was measured by means of
injectingoil at the gas cooler inlet. Figures 5.7 and 5.8 show the oil retention volume
ratios for two different oil injection ports versus oil circulation ratios. The difference
between the two lines meansthe oil retention volume ratio in the gas cooler and in the
tube between the gas cooler outlet and the evaporator inlet. The oil retention volume ratio
in the heat exchangers for the refrigerart mass fluxes, 290 kg/ns and 414 kg/nts, are
shown in Figure 5.9. The oil retention volume ratio in the gas cooler was about 0.05 at 5
Wt.% of oil circulation ratio and mass flux 290 kg/ns.

The oil retention volume ratio in the gas cooler was quite small compared to the
0.11 measured in the evaporator at 5 wt.% of oil circulation ratio. This can be explained
by the different properties of oil and CO, between in the evaporator and gas cooler,

which are summarized in Table 5.1. The mean temperature of the superheated region in
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the evaporator was chosen in Table 5.1 because the superheated region is responsible for
the ail retention in the evaporator. On the other hand, the temperatures of both the inlet
and outlet in the gas cooler are indicated in the table, and properties corresponding to the
temperature and pressure are also shown. Lower oil kinetic viscosity is one of the reasons
for less oil retention in the gas cooler. Oil kinetic viscosity in the gas cooler is much less
than that in the evaporator due to the high temperature during gas cooling process. The
lower oil viscosity provides better oil transport in the gas cooler, which resultsin less ail
retention volume ratio. Surface tension of the oil is another parameter for less oil

retention in the gas cooler. Since surface tension helps the liquid adhere to tube walls, the
lower surface tension due to high temperature and pressure conditions in the gas cooler,

causes the oil to be more easily transported by supercritical CO..

Table 5.1 Properties of Oil and CO, in Heat Exchangers (G=290 kg/m?s)

Component Temperature | Pressure Oil Kinetic Qil Surface Tension
(°C) (MPa) | Viscosity (cSt) (N/m)

Evaporator 10* 4 159.9 0.030

Gas Cooler 80 to 36** 8 11.41t052.2 0.0231t0 0.027

* . the mean temperature at superheated region in the evaporator
** : the temperatures of inlet and outlet of the gas cooer

Moreover, the mass flux in the gas cooler is 57% higher than that in the
evaporator. As aresult of the combined effects of the parameters described above, less oil
is retained in the gas cooler. The ail retention at the three system components is shown in

Table 5.2. The dimensionless oil film thickness, d/D, in Table 5.2 is defined as the mean
oil film thickness (d) relative to the inside diameter of the tube (D). To determine

dimensionless oil film thickness, the internal tube volume was calculated. Then, the
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dimensionless ail film thickness was calculated from the amount oil retained in the
system component to the total internal tube volume.

Due to the higher refrigerant mass flux at the suction line than evaporator, as
shown in Table 5.2, the dimensionless oil film thickness of the suction line is less than
that for the evaporator. However, since the internal volume of the suction line is larger
than that of the evaporator, the oil retention volume ratio for the suction line is larger than

that for the evaporator in spite of lower dimensionless ail film thickness ratio.

Table5.2 Summary of Test Condition (MFRe=14g/s, OCR=5wt.%)

Refrigerant mass Internal volume | Qil retention
Component | " 2 (kg/n?s) D (ml) volume ratio
Suction line 290 0.06 176 0.16
Evaporator 70 0.09 80 0.11
Gas Cooler 110 0.02 165 0.05

5.1.5 Oil Distribution in CO; Air-Conditioning Systems

From previous sections, oil retention volume ratio at each system component such
as suction line, evaporator, and gas cooler was obtained for various mass fluxes and ail
circulation ratios. Based on those results, oil distribution of a CO» ar-conditioning
system for the steady state condition was obtained. Figure 5.10 shows the oil distribution
in a CO, ar-conditioning system for two different oil circulation ratios and two different
refrigerant mass fluxes For the mass flux of 290 kg/nTs, 9 to 11% of the total oil volume
was retained in the evaporator under 1 to 5 wt.% ail circulation ratios. On the other hand,
only 2 to 5% of the total oil volume was retained in the gas cooler for the same conditions.
In the suction line, arelatively higher oil volume was retained compared to oil volume

retained in gas cooler. 7 to 16% and 5 to 14% of the tota oil volume were retained in the
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suction line for the mass fluxesof 290 kg/n's and 414 kg/nTs, respectively. As a result,
32% of the total oil volume was retained in the evaporator, the gas cooler, and the suction
line for the mass flux 290 kg/ns at 5 wt.% of ail circulation ratio.

It isto be expected that the oil, which is retained in neither the heat exchangers
nor the suction line, would stay in either the compressor shell for the hermetic
compressor case or in the oil separator located in the compressor discharge line. For an
ar-conditioning system with an oil separator at the compressor discharge line, the oil
retention would be expected to be less than 20% for the lower mass flux based on the
above result because the oil circulation ratio is less than 1 wt.%. Moreover, the oil
retention volume in the system can be minimized by reducing the size of the suction line
or by having alow inlet vapor quality in the evaporator. From the oil distribution chart
shown in Figure 5.10, the questions of the amount of oil in the system and the location of

the discharged oil from the compressor are answered.

5.2 Pressure Drop

The oil flows aong the pipe, generates waves at the liquid-gas interface, and
thereby increases the interface roughness. Due to the presence of oil in the system
components, the pressure drop increases. The pressure drop penalty factor (PDPF),
defined as the ratio of the pressure drop with the presence of the ail to the pressure drop
without ail, is now introduced. The pressure drop through the heat exchangers was
measured by a differential pressure transducer for both cases with and without oil
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The PDPF of the evaporator was measured with respect to two different mass
fluxes, 70 and 135 kg/ns, during oil retention test. As shown in Figure 5.11, for the
refrigerant mass flux of 135 kg/ns at the evaporator, the PDPF increased up to 40% at 5
wt.% oil circulation ratio as compared to at 0 wt.% of oil circulation ratio. The PDPF of
the lower mass flux, 70 kg/nT's at the evaporator, was 78% higher than that of the mass
flux of 135 kg/nfsat oil circulation ratio 4 wt.% because of the larger il retention in the
evaporator. Basicaly, the gas refrigerant/oil mixture flow in the tube can be divided into
two different flow regimes: high-speed gas refrigerant flow at the core and viscous flow
of liquid ail film along the wall. Interfacial shear stress depends upon the difference
between the refrigerant gas velocity and liquid oil film velocity. These velocities vary due
to the oil amount retained in the tube. Thus, the pressure drop, which is a function of the
interfacial friction factor, is affected by the oil retention in the tube.

The effect of oil on pressure drop was found to be most significant at high vapor
qualities where the local oil mass fractions were the highest. This is because the loca
liquid viscosity of the refrigerant/oil mixtures at the high vapor quality region increases
close to that of pure oil during the evaporation process. Since the PDPF is the function of
liquid viscosity, PDPF is higher at the lower mass flux, 70 kg/n'’s, due to the relatively
larger area being high vapor quality and superheated regionin the evaporator.

The effect of vapor quality on the PDPF due to the presence of the oil was also
investigated by Zurcher et al. (1998). They reported that the PDPF at the mass flux of
100 kg/mfs and high quality region, 0.8, was around 2 in the 9 mm outer diameter smooth
tube. On the other hand, at the same mass flux, the PDPF was only 1.3 at vapor quality,

0.5. They concluded that the influence of oil on the pressure drop was more severe at
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high vapor qualities. The PDPF due to the oil in the microchannel evaporator was also
investigated by Zhao (2001). He reported that PDPF at the mass flux of 100 kg/nfs and
lower vapor quality region of 0.1 with 5 wt.% of oil circulation ratio is less than 2. As the
vapor quality increases at the fixed refrigerant mass flux, PDPF due to the presence of the
oil increases. The PDPF of current study at mass flux, 70 kg/ns, isaround 2.7 at 4.5
wt.% of oil circulationratio, which is higher than that of previous studies mentioned
above. Thisis because inlet vapor quality is so high that high quality and superheated
region is dominant in the evaporator. Thus, the pressure drop caused by oil retention is
more significant in the high vapor quality region in the evaporator.

PDPF was measured in the gas cooler while oil was injected in gas cooler inlet
with respect to various ail circulationratios. The PDPF of the evaporator and the gas
cooler for the refrigerant mass flux of 290 kg/nfs at the suction line, for various oil
circulation ratios up to 8.5 wt.%, is shown in Figure 5.12. The PDPF of the evaporator-
side is higher thanthat of the gas cooler-side because of higher oil retention in the
evaporator.

Based on the measurements made in the current study, the PDPF increases with
the increase of vapor quality and decrease of mass flux at the evaporator. The higher
PDPF caused by higher vapor quality and lower refrigerant mass flux results in higher oil
retention in the evaporator. Similar to the PDPF, several studies have also reported that
the heat transfer coefficient is degraded due to the presence of the oil in the heat
exchanger (Nidegger et al., 1997, Tatara and Payvar, 2000, and Zhao et al., 2002).
Therefore, the high oil retention in the evaporator degrades the heat transfer coefficient

and increases pressure drop, and then causes system performance degradation.
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5.3 Conclusions

In this chapter, the experimental test results for various refrigerant mass fluxes
and oil circulation ratios measured by using the oil injection-extraction method for the
different system components including the suction line, the evaporator, and the gas cooler
are discussed. The conclusions from experimental results are as follows.

o  Astheail circulation ratio increases, the oil retention volume ratio in the

heat exchanger and suction line also increases.

o For arefrigerant mass flux of 290 kg/nfs at the suction line, the il retention
volumerratio in the evaporator is around 0.09 to 0.11 for 1 to 5 wt.% oil
circulation ratio.

o For ahigher refrigerant mass flux of 559 kg/ns, oil retention volume ratio
in the evaporator for 1 to 5 wt.% oil circulation ratio is 0.04 to 0.06.

o  Theoail retention volume ratio in the gas cooler is less than 0.05.

o  Theoail retention in the gas cooler is quite small because of high CO, density,
low oil viscosity, and low oil surface tension.

o  Higher inlet vapor quality results in higher oil retention in the evaporator.

o  16% and 10% of the total amount of oil charged initidly is retained in heat
exchangersat 5 wt.% of oil circulation ratio for refrigerant mass flux of 290
kg/nfs and 414 kg/nfs, respectively.

o  For high refrigerant mass flux, less oil volume is retained in the heat
exchangers, whichresultsin alower pressure drop penalty factor.

o  Theeffect of oil on pressure drop was found to be most profound at high

vapor qualities where the local oil mass fractions were the highest.
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CHAPTER 6 Modeling of Oil Retention in the Suction Line

6.1 Introduction

Since the experimental results described in CHAPTER 5 were obtained under
limited test conditions, an oil retention model for each cycle component was developed to
generalize the oil retention in various corditions. This chapter describes details of the ail
retention modeling of the suction linein a CO, air-conditioning system The flow patterns
of the COy/oil mixture in the suction line were studied, and then modeling corresponding
to the flow patterns is described in detail. The simulation results of the oil retention at the
suction line are achieved by the analytical model and then compared with experimental

results.

6.2 Modeling of Oil Retention in the Suction Line

This section describes the analytical model devel oped to predict oil retention in
the suction line. In order to estimate the oil retention, the flow pattern should be
identified first. However, since the flow pattern map for CO-/oil mixture is not available
yet, the flow pattern of CO-/oil mixture isinstead based on the existing two-phase flow
pattern maps. The Navier- Stokes equations with appropriate assumptions were solved to
predict the oil film thickness in a circular tube. From the oil film thickness the oil

retention in the suction line was calculated for a range of conditions.
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6.2.1 Flow Patternsin the Suction Line

Since most flow pattern maps are based on air-water two- phase flow, a correction
factor or property consideration to compensate for different properties from air-water is
required in order to apply the CO,/oil mixture flow to the air-water flow pattern maps.
Baker’'s flow pattern map (1954) for horizontal flow is shown in Figure 6.1. Basicaly,
the x- and y-axis represent corrected liquid mass flux (G)) and vapor mass flux (Gg),
respectively, by using the correction factors ? and ?, which alow the use of other fluid

mixtures. The correction factors ? and ? are given by the Equation (6-1):

12 2 V3
éog oy QU e 0‘,J ae; 0
|: 9£_|:l] ’ é_ (6-1)
gra'rwm gw 2§ £s o

wherer g, r;  :gasand liquid density [kg/nT]

ra lw :arandwater density [kg/nT]

m, my : liquid and water viscosity [kg/ms]

S,Sw :liquid and water surface tension [N/m]

The subscripts a and w refer to the values of properties for air and water at
atmospheric pressure and temperature. For instance, the correction factors ?and ? are 1
for the air-water two-phase flow in a horizontal pipe. In the case of 4.2 wt.% of ail
circulation ratio at refrigerant mass flux 290 kg/ns, the correction factors ? and ? for the
two-phase flow of the gas CO, and liquid oil mixture in the suction line are 11.4 and 9.2,
respectively. From the Figure 6.1, the flow pattern of CO,/0il mixture in the suction line

is assumed to be an annular flow. In annular flow, oil flowsin afilm along the tube wall,

with a high velocity CO, stream in the core of the tube.
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Taitel and Dukler (1976) proposed a flow pattern map for two-phase flow in a
horizontal or a dightly inclined round tube as shown in Figure 6.2. The map was
originally developed to predict flow pattern transitions from the stratified wavy flow to
annular flow. The flow pattern transitions shown in Figure 6.2 are presented in terms of

Martinelli’ s parameter, X, and the parameter Frp, which are defined as

. \1/2 p - .05
_é(dP/dz), )u :g Mglg L'J
é(rI -r g)Dgcosqg

~glaPrdz), g

' FTD (6'2)

where (dP/d2), : frictional pressure gradient for the liquid
(dP/d2)4 - frictional pressure gradient for the gas
ig . superficia gas flux [m/s]
D : tube diameter [m]
g : gravitational acceleration [m/s?]

The flow pattern of the CO,/oil mixture in the suction line corresponds an annular flow in
the flow pattern map by Taitel and Dukler (1976).

Moreover, the flow pattern of COz/oil mixture was observed through the flow
visualization section installed in the suction line. As shown in Figure 6.3, thicker oil film
flows on the wall while high velocity of CO- gas flows in the core of tube. The oil film
thickness was varied depending on the oil circulation ratio at fixed refrigerant mass flux.
Therefore, it was concluded that the flow pattern of CO,/oil mixture in the suction line is
annular flow.

Based on the annular flow pattern, an analytical model to estimate oil retention

was developed for COy/oil mixture in the suction line as next.
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6.2.2 Analytical Model

To predict the ail retention in the suction line, the same approach used by
Mehendale (1998) was used. First, the oil film thickness was obtained from the governing
equations based on the following assumptions.

Axisymmetric flow.

Steady state, adiabatic and fully developed flow.

The ail film has CO, dissolved in it. Since the oil properties are not the same
as those of the pure ail, properties of oil with CO, solution are estimated

based on the solubility of CO; in ail. This varies depending on the temperature
and pressure conditions of a suction line.

The ail film uniformly covers the inside tube along the tube length and flows

in an annular flow pattern.

The oil retention volume ratio in the suction line is calculated by the integration of
oil film thickness with respect to the cross sectional area (tube outer diameter: 9.5 10° m,
thickness: 1.2 10* m) as well as the entire length (3.8 m) of the suction line tube, as

shown in Equation (6-3).

. . . é do't_ 1
OilRetentionVolumeRatio = L XA xgl.- %f[ —Z (%— (6-3)
g ¢ RogVy
where L . total suction line length [m]
A : tube inner cross sectional area [nf]
R - tube inner radius [m]
d > ail film thickness [m]

Vini : oil volume charged initially [nT] (0.25 " 103 n?
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6.2.3 Qil Film Analysis

The governing equations for the oil film with the consideration of above
assumptions are described as follows.

The continuity equation:

)=0 (6-4)

Z-directional momentum equation:

mdgaug_dp (6-5)
r dré drg dz

Integrating the above equation with respect to r,

du_ dP r?
mra=d—z><?+01 (6-6)

where C; is aconstant of integration. The above equation becomes Equation (6-7) by

imposing the shear stress term for a Newtonian fluid.

2
=P e (6-7)
dz 2
where t =- m%
dr
Using boundary condition t =t, a r =R-d,
(R d)= 2 (R- d)f +C, 69
dz 2
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Eliminating C; between Equation (6-7) and (6-8) leads to Equation (6-9):

(R-d) 1 dP&*- (R-d)

0
+ 6-9
r 2 dz r 5 €9

t =t

If the shear stress term is expressed by the velocity gradient, Equation (6-9) becomes

u_, (R-d) 1 dpa&’- (R-df

0

“m—=t,— 1. = — 7 (6-10)

dr r 2 dz r &

Integrating Equation (6-10) with respect to r and using a no-dlip boundary

condition for the ail film at the wall u(r = R) =0 show, respectively,

u=t, InrxR-d)- 1.0 (R-d)2>4nr9+c: (6-11)
-m 2 dz g_ 5
2 I

0=t,INRXR- d)- %%&%- (R- d)*n R§+c2 (6-12)

2

Eliminating C, between (6-11) and (6-12) yields the velocity profile u as follows:

1 ée (R-d)*> dP, R 1dP ,\u
=— R-d)+ N —- = — { 6-13
m§ { 2 dz(,J r 4dz( r)a 13

The oil mass flow rate can be obtained by integrating the velocity profile over the

Cross sectional area:
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A2 =02 (DL d)2 LY ..

mo=2pr'aei(R-d)+(R d) d_PceeR (R-d)° (R-d) n R g
m 2 dzg 4 2 R-dg
Pry 4P 22 (R- d)?)? (6-14)
8m dz

For the given fluid properties and the tube diameter, Equation (6-14) contains
three unknown quantities, which are

1 il film thickness (d)
2 pressure gradient ( ?)
z
3 interfacial shear stress(t ;)

Since the only known value in Equation (6-14) is the oil mass flow rate (ms ) for the
certain oil circulation ratio at given refrigerant mass flow rate, the interfacial shear stress
and the pressure gradient should be correlated to obtain oil film thickness as described

next.

6.24 CO, CoreAnalysis

Figure 6.4 shows the force balance of the annular flow. It is assumed that the oil

filmthickness, d, uniformly covers the inside tube wall while CO; gas flows through the

core. When the force balance applied to the CO, core is drawn,

E_'_tipDc =

0 6-15
dz A (6-15)
where Dc - vapor core diameter [m]
Ac : vapor core cross sectional area [nT]

If the void fraction, a, is used,
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_A _D, _
a=to=(2) (6-16)

Equation (6-15) yields:

dP 4t
—+——=0 6-17
dz D+a 10

Thus, the pressure gradient of the CO, core is afunction of the oil film thickness, which
is replaced by the void fraction (a), and the interfacial shear stress. The interfacial shear
stress can be calculated by using the empirical interfacial friction factor described in the

next section.

6.2.5 Interfacial Friction Factor

The interfacial shear stress exerted on the liquid film by the gas is given by the

following equation:

1
t, =3 fr g(ug -, )2 (6-18)
where f; . interfacial friction factor
Ug . gas core velocity [m/s]
Ui . interface velocity [m/s]

However, because the CO, gas velocity is much larger than the ail film surface

velocity, the interfacial shear stress can be approximated as

t =%f.r u’ (6-19)
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The interfacia friction factor, f;, in Equation (6-19) is the most important
parameter in estimating the oil film thickness and has been empirically correlated by
severa researchers as summarized below. For the vertical upward flow with thin films
and gas core, Wallis (1969) proposed an interfacial frictionfactor, which is afunction of

liquid film thickness, for the vertical upward flow.

f, =0.00531+ 30099 (6-20)
e Dg

The correlation by Wallis was modified by Fore et al. (2000) for a better fit for
the thin liquid film thickness. Two nominal system pressures, 340 to 1,700 kPa, and two
nominal temperatures, 38 to 93 °C, with nitrogen and water as working fluids were used.
Thetest section, 5.08" 101.6 mm rectangular duct, was placed in a vertical upward
position.

=g onns?

f = 0.005§[+ 300G— - 0.0015 (6-21)
eD 1% %]

However, since the above correlations are limited to thin liquid film, Fukano and
Furukawa (1998) suggested an empirical correlation for the interfacial friction factor
considering the change in the fluid viscosity, which is aso applicable to thicker liquid
film. The experiment was conducted with water and aqueous glycerol solutions with
different liquid viscosities, and air in the vertical upward tube, 26 mm of inner diameter,

at atmospheric pressure at atemperature of 27 to 29 °C.

.-133 8
f =1.7§?2+”_'$ H4+1090 (6-22)
Nwg € Dg
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where n,  kinetic viscosity of agueous glycerol solution [nf/s]

nw : kinetic viscosity of water [nf/s]

Most interfacial friction factors mentioned above are expressed as a function of
liquid film thickness and ignore the influence of gas velocity or the gas Reynolds number.
The following interfacial friction factors are empirically correlated in terms of the gas
Reynolds number. Newton et al. (1999) suggested the interfacial friction factor for the
horizontal tube, 50 mm of inner diameter, based on their experimental results. Their
experiments were conducted with air and three different liquids, distilled water, kerosene,
and Propar-22, which is a light machine oil. They proposed two different friction factors

depending on the interface roughness.

f, =6.5" 10 Re;” for asmooth interface

f; =0.003Re,” for awavy interface (6-23)
where 3500 < Re, <12,000
Wongwises and Kongkiatwanitch (2001) proposed a new, empirically correlated
interfacial friction factor with air and water. According to their dimensional analysis of
fully developed single-phase turbulent flow in vertical pipes with 29 mm of inner
diameter, the friction factor can be expressed as a function of the gas Reynolds number

and adimensionless liquid film thickness:

aj ,.-0.253
f, =17.172xRe; 7% 82 (6-24)
eDg
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Since the friction factors described above are generally obtained from studies for
either air-water flow or in vertical flow, it is not appropriate to use them in the current
simulation, which models CO-/ail flow in a horizonta tube. Therefore, in this study, a
new empirical correlation for the friction factor of CO, and oil flow is proposed, based on
experimental results in the suction line as follows.

First, the relatiorship between the CO, Reynolds number and friction factor were
examined. As the refrigerant gas velocity increases, the interfacial shear stress increases

because of a higher interfacial drag force. A plot of the data on alogarithmic scale, as
shown in Figure 6.5, indicates that t, increasesin proportion to u;*. If we use the

definition of the friction factor of the interfacial shear stress, the interfacia friction factor

is found from Equation (6-25),

f, =Cug® (6-25)

where C isadimensional constant to be determined from the experimenta data.

Figure 6.6 shows the variation of the interfacial friction factor with respect to the
CO, gas Reynolds number. In Figure 6.6, both Blasius's correlation for the turbulent flow
in a smooth tube and Newton's correlation for awavy interface are compared with the
current correlated interfacial friction factor. Because of the higher roughness caused by
an ail film wave, the interfacial friction factor of the current study is higher than that of
the Blasius's correlation On the other hand, the Newton's interfacial friction factor
agrees with the current friction factor obtained by experiments. As the gas CO, Reynolds
number increases, the friction factor increases dightly due to the increase of the relative

roughness of the interface.



Figure 6.7 shows the relation between interfacial friction factor and dimensionless
oil film thickness, d/D. Based on the figure, as the CO- flow rate increases at a fixed il
flow rate, the oil film thickness decreases due to the higher drag force exerted by CO; gas.
Thus, the friction factor increases with a reduction of the dimensionless film thickness at
fixed oil flow rate. This result matches well with the results for horizontal flow from
Wallis (1969).

According to the above analysis of CO, and oil flow in the suction line, the
interfacial friction factor should be expressed as a function of the CO, gas Reynolds
number as well as the dimensionless ail film thickness. By using curve fit software, an
empirical interfacia friction factor based on the experimental results was developed as

shown in Equation (6-26),

..-0.6515
f, =9.287" 10°° Re0 2 oF 0

: (6-26)
eDg

which was obtained in the range 1.6” 10° < Re, <3.5" 10° of CO; gas. The gas Reyrolds

number in this equation is based on the gas core area due to the reduction in flow caused

by the growth of the ail film.

(6-27)

where G : CO, gas mass flux [kg/nTs]
Dn - hydraulic diameter [m]
Mg : CO, dynamic viscosity in gas phase [kg/m-5|

A comparison of interfacial friction factors obtained from the experiments with

this new proposed empirical correlation is shown in Figure 6.8, which shows that the
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interfacial friction factor is correlated well with experimental data within 25% error
bounds. The agreement of these data is better with this new correlation, Equation (6-26),

than with other correlatiors.

6.2.6 Oil Retention Volume

The ail film thickness for the suction line can be calculated by solving Equations
(6-14), (6-17), and (6-19) with the empirically correlated friction factor from Equation (6-
26). From the obtained oil film thickness at given flow rates and properties the oil

retention volume ratio in the suction line can be calculated with Equation (6-3).

6.3 Verification of M odel

The ail retention calculations in the suction line of CO, ar-conditioning systems
were discussed in section 6.2. This section includes a validation of the analytical model
using experimental data.

The oil retention volume ratio in the suction line was calculated with two different
interfacial friction factors; one is proposed by Wallis (1969) which is the function of
dimensionlessail film thickness only, and the other is the new empirical correlation
developed in the current study. It is afunction of both the gas Reynolds number and a
dimensionlessoil film thickness.

Asshownin Figure 6.9, the ail retention simulation using the interfacial friction
factor proposed by Wallis (1969) predicts alower value when the oil retention volume
ratio is larger. Wallis' s friction factor was originally based on athin liquid film for the

vertical upward flow, whose dimensionless oil film thickness, d/D, is less than 0.04. Thus,
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Wallis'scorrelation is expected not to fit with current experimental results, whose
dimensionless oil film thickness is higher than0.08. A comparison between the oil
retention simulation and experimental results using a new empirically correlated friction
factor, Equation (6-26), isshown in (b) of Figure 6.9. It can be seen that almost all the
simulation results are bounded by + 20% from experimental results. Thisimplies that the
analytical model developed for the suction line can predict the oil retention in the suction
line of CO, systems within 20% error. In the next sections, the several parameters

affecting the ail retention in the suction line are discussed.

6.4 Parametric Study

6.4.1 The Effectsof CO, Solubility

The properties of a CO,/oil mixture in the system change significantly depending
on the CO; solubility in the oil. The solubility is the amount of refrigerant that can be
dissolved in ail by weight percentage. This solubility varies depending on the
temperature and pressure. Thus, solubility is one of the important parameters in
determining oil retention

The effect of solubility on ail retention in the suction line for different refrigerant
mass fluxes was investigated. In the simulation, pressure was set to 4 MPa, which was the
suction condition of the current experiment, and the temperature was set to 5 K
superheating at the suction pressure. As shown in the Figure 6.10, the oil retention
volume ratio decreases with an increase of solubility. This is because the COy/ail
mixture' s viscosity decreases as the CO,’ s solubility increases. As more CO; is dissolved

in the ail, the lower CO»/0il mixture viscosity can be expected. On the other hand, the
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COy/oil mixture viscosity increases asthe solubility decreases, which results in a thicker

oil film and higher oil retention in the suction line.

6.4.2 TheEffectsof Tube Diameter

The effects of the suction tube diameter on oil retention were studied. The oil
retention volume ratio for different suction tube diameter was calculated by varying oil
circulation ratio. In order to distinguish tube diameter effects only, oil retention volume
ratio was calculated at fixed refrigerant mass flow rates, 15 and 25 g/s, instead of using
mass flux, which aready includes tube diameter effects The pressure and temperature of
the suction line was kept constant at 4 MPaand 5 K superheating while the suction line
tube diameter was changed from %2 to %2 tubing. Normally, alarger diameter suction
line tube has the advantage of reduced refrigerant pressure drop. However, as shown in
Figure 6.11 on the matter of oil retention in a suction line, alarger diameter tube results
in higher oil retention even in the case of higher refrigerant mass flow rate. For example,
the oil retention volume ratio dramatically increases up to 0.35 at a refrigerant mass flow
rate of 15 g/sand an oil circulation ratio of 5 wt.%. Thisis because the refrigerant
velocity in the larger tube, which is the driving force to transport the ail film, is quite
dower than in the smaller tube. However, the oil retention volumeratio for the ¥2 tubein
the suction line is less than 0.04 even at a higher oil circulation ratio of 5 wt.%. Therefore,
it can be said that the effect of refrigerant mass flow rate on ail retention is not significant
in the case of a small diameter tube.

For the design of a suction line, the tube size should be carefully considered while

balancing the effects of refrigerant pressure drop and oil retention. If alarger amount of
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oil isretained in the suction line because of alarger diameter tube, the oil amount in the

compressor shell in a hermetic compressor may not be sufficient for proper lubrication.

6.4.3 The Effectsof Suction Line Superheating

The effect of superheating of the suction line on oil retention was investigated. As
shownin Figure 6.12, the higher superheating at the suction line for the given pressure of
4 MPa shows lower oil retention than the lower superheating, shown as the solid lines.
This is because the ail viscosity and CO, density decrease as the superheating increases,
which results in less oil retention.

If summarize observations discussed above, a lower oil retention volume ratio in
the suction line is achieved using a smaller tube diameter, increasing superheating, and
using oil which has a high CO; solubility in oil. The higher refrigerant flow rate assures

lower oil retention in the suction line in all cases.

6.5 Conclusions

Based on the flow pattern in the suction line by using existing two-phase flow
pattern maps and observed flow pattern an analytical model for the annular flow pattern
to estimate oil retention volume was developed. According to the analysis of CO, and oil
flow in the suction line, the interfacial friction factor can be expressed as a function of the
CO, gas Reynolds number and of dimensionless oil film thickness. An empirical
interfacial friction factor based on the experimental results was also developed. The

simulation results at the suction line were compared with the experimental results.
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Parametric studies were also conducted. The following conclusions were obtained from

the modeling of oil retention in the suction line:

Q

Most simulation results are bounded by + 20% compared to experimental
results.

The oil retention decreases with an increase in solubility because the CO,/oil
mixture viscosity reduces as the CO, solubility increases. To minimize il
retention in the suction lineg, it is recommended to use oil that has high CO,
solubility.

A small diameter suction tube resultsin lower oil retention in the suction
line. For the design of the suction line, the tube size should be carefully
considered while balancing the refrigerant pressure drop and oil retention.
Higher superheating at the suction line shows smaller oil retention than

lower superhesating.
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CHAPTER 7 Modding of Oil Retentionin Heat Exchangers

7.1 Introduction

Characteristics of the oil retention in heat exchangers are expected to be quite
different from those in the suction line because of phase or temperature changes, so that
other approach is required to estimate the ail retention in heat exchangers. I n this chapter,
modeling of oil retention in heat exchanger is discussed in detail. First, the flow pattern
of aCOy/ail mixture in heat exchangersis discussed, and various void fraction models
are described, which were used in estimating the oil retention in heat exchangers. Then,
modeling of the ail retention at the microchannel tube and header is presented. The way
the model was validated using experimental results isdescribed. Finally, parametric
studies are discussed with the validated model to investigate the influence of different

variables on ail retention.

7.2 Modéling of Oil Retention

7.2.1 Flow Patternsin Heat Exchangers

The flow patterns of the COy/oil mixture in heat exchangers are significantly
different from those in the suction line because the internal port diameters of the
microchannels used in the evaporator and gas cooler are only 0.55 mm and 0.7 mm,

respectively. Although microchannel heat exchangers have been widely used in
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automotive products, there are only afew published papers that are about the flow
patterns in small diameter tubes. They are summarized below.

Fukano and Kariyasaki (1993) conducted flow visualization experiments for small
diameter tubes. Air and water were injected at the mixer, located in front of the test
section, which had inner diameters of either 1, 2.4, or 4.9 mm. The major difference of
the flow patternsin a small diameter tube compared to the patterns in alarge tube was
that no stratified and wavy flow was observed. The slug and churn flow patterns occurred
over their test range. Fukano and Kariyasaki reported that the flow patterns in the small
diameter tubes were not severely affected by the flow direction, and that small bubbles
did not exist in liquid slugs and liquid films.

Triplett et al. (1999) suggested a flow pattern map of air-water flowing in 1.1 and
1.49 mm hydraulic diameter tubes for both circular and semi-triangular microchannels.
They concluded that surface tension was dominant in a microchannel and that gas-liquid
stratified flow did not occur in a microchannel. Triplett et al.”s experiment results werein
accord with those of Fukano and Kariyasaki (1993). However, Triplett et al.
demonstrated that a flow pattern map showed poor agreement with that for alarger
diameter tube, 12.7 mm, because separated flow was not observed in the microchannel.

Y ang and Shieh (2001) conducted a flow visualization experiment for air-water
and R-134ain a1 mm microchannel. The microchannel tended to keep bubbles retaining
their circular shapes. It also tended to keep aliquid holdup between the tube wallsin a
way that retarded the transition from slug flow to annular flow. They concluded that, in
small tubes, in addition to the buoyant force and turbulent fluctuations, the surface

tension force was also an important parameter for flow pattern determination.
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Another flow pattern study in the microchannel was accomplished by Nino et al.
(2002). Flow patterns and void fraction for multi-port microchannel tubes, which were
1.54 mm and 1.02 mm in diameter, were investigated. By using a trapping method for
two-phase fluid, they measured the void fraction of R-134a and R-410A in ranges of
mass fluxes from 100 to 300 kg/nfs. When the quality and mass flux increased, their
observations showed that the refrigerant distribution became uniform in all channels with
an annular flow regime.

Two-phase flow patterns for CO, in microchannel were observed by Pettersen
(2003). Compared to small diameter observations with air/water at low pressure, the
transition from intermittent into annular flow occurred at a much lower superficial vapor
velocity for CO, because the kinetic energy of the vapor flow is higher at a given velocity
due to the higher vapor density of CO,. At amass flux of 100 kg/nfs, the flow regime
changed from intermittent to annular flow as the vapor quality was increased. He reported
that flow, in annular flow observations, was quite unstable and flow pattern transition
lines are uncertain due to limited number of data points.

Although flow visualization in the microchannel was not conducted in this study,
the flow patterns were assumed to be predictable based on other research. Figure 7.1
shows flow pattern maps for a small hydraulic diameter tube. These maps were
developed by Yang and Shieh (2001) and Pettersen (2003), and the flow pattern of
COg/oil mixture discussed in this thesis is plotted on the dotted area at the lower edge of
the map. Based on flow pattern map by Y ang and Shieh (2001), intermittent flow such as
aplug or slug flow pattern was to be expected in the evaporator due to the combined

effect of low refrigerant velocity and the more dominant surface tension in small
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hydraulic diameter tube. An intermittent flow is a series of individual large bubbles that
form and carry liquid film or dug. On the other hand, flow pattern in the microchannel is
expected to be intermittent to annular flow with the increase of gas velocity based on the
flow pattern map by Pettersen (2003). Although they do not give exact answer for what
kind of flow pattern for CO»/0il mixture is expected in microchannel, the flow pattern of
the CO-/oil mixture is expected to be anintermittent flow or annular flow with unstable
flow. Since it is not smple to analytically calculate the oil retention in the microchannel
tube, using a void fraction model can be an aternative method to predict the oil retention
in heat exchangers. The detailed discussion of several void fraction models to predict oil

retention in heat exchangers is presented in section 7.2.4.

7.2.2 Oil Retention in the Header

The evaporator used in the current experiment and simulation consists of
horizontal microchannel tubes and vertical headers, as shown in Figure 7.2. Since the oil
can be retained both in microchannel tubes and headers, the header effect should be
accounted for calculating the oil retention in the evaporator. In order to calculate the oil
retention in the header of the evaporator, it was assumed that the refrigerant and oil flows
are uniformly distributed for each microchannel tube. As aresult, both flow rates linearly
decrease at the inlet header and increase at the outlet header in the direction of flow. The
oil volume retained in the inlet header of the evaporator is ignored because the il is
mixed with a large amount of liquid CO, and aso because the CO,/oil mixture flows
vertically downward. On the other hand, in the outlet header, an oil return problem might
occur because the ail film must overcome gravity in order to be carried by the

superheated refrigerant.
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It is noted that for the vertical upward flow at the outlet header the refrigerant
flow rate is taken to be quite small at the lower part of the outlet header because of the
assumption that the refrigerant and oil flows are uniformly distributed. This means that
the refrigerant velocity may not high enough to carry the ail film vertically upward in the
header. To determine whether the oil transport is sufficient or failed, the critical
refrigerant mass flow rate was introduced (Mehendale, 1998). The critical refrigerant
mass flow rate for the vertical upward flow is defined as the minimum flow rate to carry
theail film vertically upward. Whenever the refrigerant mass flow rate is lower than the
critical refrigerant mass flow rate, the net pressure force is insufficient to balance the
weight of the fluids, and the oil immediately adjacent to the wall is presumed to start
flowing in a downward direction.

In order to calculate the ail retention in the outlet header, the header was divided
into 22 segments, the same number of microchannel tubes previously described in Table
3.1. The temperature and pressure are assumed to be kept constant. The refrigerant and
oil flow rates at each segment are determined by the summation of the flow rate from the
microchannel and from the previous segment, as shown in Figure 7.3. The local critical
refrigerant mass flow rate was calculated at each segment and was compared to the
refrigerant mass flow rate. If the local refrigerant mass flow rate was less than the critical
refrigerant mass flow rate, it was then assumed that the oil film failed to be transported
by the refrigerant and was trapped in that segment. For the segment where the oil was not
carried vertically upward, it was assumed that oil filled anentire segment. Otherwise,

under the given flow rates and properties, the oil film thickness was calculated from the
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annular flow model with the consideration of gravity. Then, total oil retention in the
outlet header was calculated by integrating the oil amount for each segment.

The gas cooler consists of horizontal microchannel tubes with vertical inlet and
outlet headers as shown in Figure 7.4. However, similar to the procedure used in the
simulation for the inlet header of the evaporator, the header effect was ignored in the gas
cooler simulation because the CO,/oil mixture flows vertically downward in both inlet
and outlet headers resulting in vertical downward flow of the CO,/oil mixture. Therefore,

oil is supposed to be retained only in the microchannel tubes.

7.2.3 Oil Retention in Microchannel Tubes

For the oil retention simulation in the microchannel, the microchannel was
divided into segments such that all segments had the same refrigerant side heat transfer
rate. Figure 7.5 shows the ail retention modeling at each segment in the evaporator and
gas cooler. The oil retention volume ratio was calculated from the liquid fraction, (1-a),
the length of the corresponding segment, and oil volume charged initially, as shownin
Equation (7-1). The oil fraction parameter, F;, is defined as the ratio of the mass flow rate
of the ail to the mass flow rate of the liquid phase, as shown in Equation (7-1). For two-
phase CO, with the oil region in the evaporator, the oil fraction parameter, F;, increases
as the vapor quality (Xg) increases. This resultsin asmal liquid CO, flow rate at a fixed
oil flow rate. I n both evaporator, where the superheated CO, with oil region exists, and

gas cooler, the il fraction parameter, F;, can be 1.

OilRetenti onVolumeRatio = 8 AXL, X1- a,)F, 2 vl
ei=1 G Vini
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Mo,i

where F=— (7-1)
Mo,i+ My
L - length of segment [m]
A : microchannel cross sectional area [nf]
a - void fraction
n : number of segments
Vini  : oil volume charged initially [nT]

In order to calculate the ail retention in the microchannel, several assumptions

were made as follows:

The heat transfer rate (Qi) at each segment is the same.

The length of each segment (L) is determined depending on the heat transfer
area.

For the evaporator, the liquid phase of CO, and oil are homogeneously mixed
and act as a single phase. Therefore, the liquid properties for CO./oil mixture
are calculated based on the mixing rule. This assumption is reasonable in that
separated flow is hardly ever observed in the microchannel, based on literature
reviews (Fukano and Kariyasaki, 1993 and Triplett et al., 1999).

The vapor quality at each segment of the evaporator increases linearly in the
direction of flow.

The temperature at each segment of the gas cooler decreases linearly in the

direction of flow.

From the above assumptions, the length of each segment, L;, was calcul ated based

on the following equations (7-2) and (7-3).
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Q = Eol (UA) Tiwm;

i=1

Q = mr Dh (7_2)
19 & 1 1 01
e-9 + +R..== (7-3)
eUAg gHTCr A  HTCA ol
where
Q : heat transfer rate [KW]
A, Aq : refrigerant or air side heat transfer area for unit length [mf/m]
U - overall heat transfer coefficient [kKW/nPK]
HTC,,HTC, : refrigerant or air side heat transfer coefficient [KW/nPK]
Li - length of segment [m]
R : thermal resistance for conduction or fouling per unit length [m/(KW/K)]
TLmmD : log mean temperature difference [K]

The total heat transfer rate is calculated by the summation of heat transfer rates at
each segment. This summation is the multiplication of the UA value and log mean
temperature difference (T wtp) as shown in the Equation (7-3). The evaporation heat
transfer coefficient of CO, was estimated from the test results for the microchannel
shown by Zhao et al. (2001). On the other hand, the heat transfer coefficient of the gas
cooler was calculated by using the Gnielinski’s (1976) correlation. As aresult, the length
of each segment in the microchannel of heat exchanger was obtained from Equation (7-3).
Oil and CO,, properties at the corresponding segment were calculated based on the
temperature and pressure or vapor quality.

In the ail retention model for the evaporator, the vapor quality effect should be

considered. After the end of evaporation, the temperature starts to increase. As a resullt,
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the evaporator can be expected to have two major sections, one consisting of a two-phase
CO, with ail region and another region of superheated CO, with oil. In the superheated
region of the evaporator, the oil retention was calculated by the oil fraction (1-a) at each
segment as isdiscussed in section 7.2.4. For this region, the temperature glide was
considered. The oil retention in the gas cooler was calculated in the same way as for the
superheated region at the evaporator. The total oil retention in the gas cooler was
obtained by the summation of the oil retentionat each segment. The ail retentions in the
microchannel tubes of the evaporator and the gas cooler are explained in detail in the next

sections.

7.2.4 Void Fraction Modds

Void fraction, a, is defined as the ratio of the area occupied by vapor phase to the
inner cross sectiona area of the tube. 1t has been used to determine the refrigerant charge
amount in air-conditioning systems. A wvoid fraction model can be also used to estimate
oil retention volume since the liquid fraction including the oil is simply obtained as 1-a.
Therefore, the oil retention volume in heat exchangers is calculated by various void
fraction models. The void fraction is generally represented as the function of mass quality,
X, & shown in Equation (7-4) and various properties.

r.nr g

X = (7-4)
mr,g+mr,l+mo

where mr g : gas CO, mass flow rate [kg/s]
T liquid CO, mass flow rate [kg/s]

mo  : oil massflow rate [kg/s]
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The various void fraction models by Coddington (2002), Casciaro (2001), Rice

(1987), and Butterworth (1975) are summarized and classified into categories in the next

paragraphs.

Slip Ratio Correlated M odel
The dip ratio correlated void fraction assumes that there is a velocity difference
between the two phases. The dip ratio, S, is defined as the velocity ratio of vapor velocity

to liquid velocity:

a= » (7-5)

where x - mass quality
S : dip ratio

Zivi (1964) developed the dlip ratio as a function of density ratio of the two

.~ 13
o , ,
phasessuchas S= gr—gg . Thisrelation was developed for annular flow under the
| @

assumptionof zero liquid entrainment. However, viscosity effects on the void fraction are

not accounted for in Zivi’s moddl.

Homogeneous M odel

A homogeneous model for two-phase flow gives the void fractionin Equation (7-
6). The void fraction by the homogeneous model is obtained simply by assuming no dlip

between two phases, as the two-phase is assumed to be a homogeneous mixture.
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Therefore, the velocity dip between two phases is 1, which means the liquid and vapor

phases travel together at a common velocity.

a= - (7-6)

Martinelli’s Parameter Correlated Model

Martinelli’ s parameter, Xy, (Lockhart and Martinelli, 1949) in Equation (7-7)
gives a measure of the degree to which the two-phase mixture behaves as a liquid rather
than as agas. Martindlli’s empirical void fraction as a function of Martinelli’s parameter

is represented in Equation (7-8).

0]

x, =8 x¢" 93 g‘l: (77
$x o &1 5 m, 5

a = (1+ Xt?_g)-o.sm (7-8)

Mass Flux Dependent M odel

Premoali et al. (1971) developed an empirical correlation of the void fraction by
using dip ratio in terms of the Reynolds number and Weber number as seen in the
following expressions.

Thedipratio, S iscaculated by

7 A/2
é vy u
=1+ A - - _
S=1+B4 =~y yBZH (7-9)

where
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b
- 7-10
Y 11 (7-10)
and B isthe gasto total volume flow ratio given by

1
b = - (7-11)
- 0
1+&X ¢ —L =
él- x Mo g

The parameters B, and B, are given by

..0.22

(0]
B, =1578xRg 15T B
P

g @
a 6 0.08
B, =0.02733\eRe, 0'51(2‘—'j (7-12)
r -
9 g
where
_D:G
m,
2
We = Ef (7-13)
|

Another empirical correlation for the void fraction that considers the effect of
mass flux was developed by Hughmark (1962). Although the void fraction model was
developed for vertical upward flow with air-liquid mixtures near atmospheric pressure,
Hughmark reported that the correlation was found to be applicable for horizontal flow,
for high pressure, and for other flow regimes. The void fraction is given by a correction

factor, Ky, to the homogeneous model as follows:
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where K, = f(2).

(7-14)

“Z" is dependent on the Reynolds number, the Froude number, and the liquid

volume fraction.

7= %;.IGFrIISyl- 1/4

where

G:D

. —

RS X
:LDE;

y, =1-Db

m +a(m, - m)

(7-15)

(7-16)

(7-17)

(7-18)

Although the void fraction models described above were originally developed for

an air-water mixture or vapor-liquid of the refrigerant, in the current study, such void

fraction correlations were used in the ail retention volume ratio estimation. In this paper,

the simulation results by using those five void fraction correlations were compared with

experimental results for the evaporator and the gas cooler.
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7.25 Sensitivity to Number of Segments

The sensitivity to the number of segments in the evaporator and gas cooler was
investigated by conducting calculations with varying numbers of segments from 10 to
100. In these calculations, Hughmark’s (1962) and Premoli’s (1971) void fraction models
for the evaporator and gas cooler, respectively, were used because simulation result by
using those two void fraction models shows better agreement with experimental resullt.
The detailed discussion for the comparison result is presented in section 7.3.2 and 7.4.2
for the evaporator and gas cooler, respectively. The result of sensitivity on the number of
segments is shown in Figure 7.6. The oil retention in the evaporator was not so sensitive
to the number of segments; thus, the number of segments was set to be at 20 when the
changesin oil retention were less than 0.1%. On the other hand, the oil retention in the
gas cooler was very senditive to the number of segments because of the fast changes of
the properties during the gas cooling process. The number of segments for the gas cooler

was then set to be 60 when the changes in the oil retention were less than 0.5%.

7.3 Simulation Resultsfor the Evapor ator

For the evaporator, oil can be retained in the header as well as in the microchannel
tubes as mentioned in section 7.2. In the present section, oil retentionsin the
microchannel and header were investigated based on the given experiment condition
Then, severa void fraction models were tested with experimental results. With the best of
the void fraction models, various parameters affecting oil retention in the evaporator were

examined.
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7.3.1 Oil Retention in the Evaporator

During the evaporating process, vapor quality increases which results in property
changes for oil and CO,. The ail retention distribution in the microchannel evaporator is
affected by their property changes. The oil retention volume ratio in the microchannel of
the evaporator is shown in Figure 7.7. The oil retention volume ratio of primary y-axis in
left hand side was calculated with respect to dimensionless length of the evaporator. The
secondary y-axis in right hand side shows vapor quality and liquid CO, fraction out of
liquid phase. The refrigerant mass flux of the evaporator was 135 kg/nt's and the ail
circulation ratio was 5 wt.% with inlet vapor quality, 0.49. Vapor quality increased with
the progress of evaporation until it ended in the 18th segment, and then the vapor was
superheated in the last two segments shown as a blank areain Figure 7.7. Within the
dimensionless length of 0.6, the oil fraction in the total liquid phase consisting of liquid
CO, and ail was less than 0.25, so the local liquid viscosity, mostly governed by viscosity
of the liquid CO,, was relatively low. This explains the smaller oil retention in the two-
phase region. With further evaporation, the oil retention significantly increased due to the
fact that the local liquid viscosity was almost the same as that of the pure oil. When the
two-phase evaporation process was over, the oil retention reached its maximum.
Therefore, it is concluded that most of the oil is retained at the end part of the evaporator.
As the portion of the superheated and high vapor quality area increases, the oil retention

inthe evaporator increases.

7.3.2 Verification of Modedl

As mentioned in previous section 7.2.2, some amount of oil can be retained in the

vertical header of the evaporator. The ssmulation result for oil retention volume ratio in
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the evaporator header with respect to the oil circulation ratio isshown in Figure 7.8. The
oil retention volume ratio in the header was about constant regardless of the oil
circulation ratio. If the refrigerant gas velocity was not enough to carry an oil filmin the
lower part of header due to the low refrigerant flow rate, the oil failed to be carried and
then began to be trapped in the lower part of the header. However, the relatively higher
refrigerant flow rate at the upper part of the outlet header kept carrying the oil in athin
film. As mentioned in section 7.2.2, the critical refrigerant mass flow rate plays an
important role in understanding oil retention behavior in the vertical outlet header. As
shown in (a) of Figure 7.8, the ail retention volume ratio in the outlet header of the
evaporator is0.03 and 0.04 corresponding to refrigerant mass flux of the evaporator, 125
and 70 kg/ns, respectively. For example, as can be seen in (b) of the Figure 7.8, 73% to
94% of total oil retained in the outlet header accumulated in the lower part at the
refrigerant mass flux, 75 kg/nfs. This means that the oil retention in the upper part of
outlet header was negligible compared to the oil retention in the lower part of outlet
header. To reduce the oil retention at the header, the smaller size header is recommended.
In this way, the ail film can be carried by the high velocity refrigerant in the vertical
upward flow.

Experimental oil retention volume ratio and five sets of calculated oil retention
volume ratio from void fraction models, which were discussed in section 7.2.4, are
compared. Since the experimental result was obtained when the oil was injected at the
evaporator inlet, it includes the oil retention volume ratio at the evaporator and the
suction line. Thus, the calculated oil retention volume ratio includes three parts: the

suction line, evaporator outlet header, and microchannel tubes. The oil retention volume
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ratio in the suction line is calculated by using the analytical model as described in section
6.2 while the oil retention volume ratio in the microchannel tubes is calculated using
various void fraction models.

For the comparison of these void fraction models, the criteria used are the average

deviation (s ) and the standard deviation (S ,.4.q), Which is ameasure of the scatter

average
of errors defined in Equation (7-19). The results of these deviations of the various void
fraction models are summarized in Table 7.1.

Two void fraction models, one by Hughmark (1962) and the other by Premoli et
al. (1971), which are dependent on the flow rate of CO,, predict well the oil retention
volume ratio in the evaporator. The standard deviations of oil retention volume ratio
using the Hughmark’s (1962) and Premoli et al.’s (1971) void fraction models are 11%
and 14%, respectively, which are the smallest values of al void fraction models. Among
void fraction models, the Hughmark’s (1962) model shows the best agreement with the
experimental results. This result can be also seen from Figure 7.9. Most of the simulated
results are within + 20% of the experimental results.

The other void fraction models are independent of the refrigerant flow rate and
under-predict the oil retention volume ratio for the high oil retention region, where a
lower refrigerant flow rate is to be expected. On the other hand, at lower oil retention
regions, these void fraction models show good agreement with experimental results. It
seems that those void fraction models that are independent on the gas flow rate can be
applied only to higher flow rates. By adapting the Hughmark’s (1962) void fraction
model, parametric studies affecting the oil retention at the microchannel tubes of the

evaporator were examined as seen in the next section, starting at 7.3.3.
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Table 7.1 Average and Standard Deviations of Oil Retention in the Evaporator

Void Fraction Model Average Deviation (%) | Standard Deviation (%)
Hughmark (1962) 5 11
Premoli et al. (1971) 10 14
Lockhart-Martinelli (1949) 21 24
Zivi (1963) 23 27
Homogeneous 25 28

where ORVR
n

_@RVR,, - ORVR,, §,

Carror _g ORVR_,

1,
S average F a €oror

S

standard —

: Oil Retention Volume Retio
- number of samples

7.3.3 TheEffects of Superheating in the Evaporator Outlet

(7-2)

The effects of superheating at the evaporator outlet on the oil retention are shown

in Figure 7.10. The inlet vapor quality is assumed to be constant, 0.5, in both cases shown

in the same figure. Superheating at the evaporator outlet is shown for two temperatures of

5 K and 15 K. For higher superheating at the evaporator outlet, since the evaporation

process then ends faster than for the other case, the remaining part of the evaporator

occupied by the oil and vapor CO;, the so-called superheated region, is relatively large.

Qil tends to be retained more in the superheated region because the local liquid film

115



viscosity is higher than in the region where the evaporation process still occurs. As a

result, more oil is retained with anincrease of the superheating region in the evaporator.

7.3.4 TheEffectsof Inlet Vapor Quality of the Evaporator

The effects of inlet vapor quality at the evaporator on the oil retention were
investigated. The oil retention volume ratio in the microchannel tubes of the evaporator
was calculated for two different inlet vapor qualities, 0.4 and 0.65, while the evaporator
pressure and superheating at the evaporator outlet were kept at 4 MPaand O K,
respectively. As shown in Figure 7.11, lower inlet vapor quality resultsin low ail
retentionvolume ratio. This is because a larger amount of liquid CO, which is mixed
with oil and reduces the oil viscosity more than for the other case, exists at the lower inlet
vapor quality. In the case of the higher inlet vapor quality, 0.65, the higher quality region
is dominant, so more oil is retained due to the higher liquid phase viscosity. Therefore,
keeping alower inlet vapor quality is the key to minimize the oil retention in the
evaporator.

Based on both the results of the superheating effect and the inlet vapor quality
effect upon the oil retention in the microchannel tubes, the worst case of the oil retention
in the evaporator is when inlet vapor quality is high and the vapor is largely superheated
at the evaporator outlet. Thus, less superheating at the outlet of evaporator and lower

vapor inlet quality are preferable in order to minimize oil retention in the evaporator.

116



7.4 Simulation Resultsfor the Gas Cooler

In this section, ail retention in the microchannel tubes of the gas cooler is
investigated. Then, several void fraction models are tested with experimental results
similar to the procedure aready discussed for the evaporator modeling. Parametric

studies on oil retention in the gas cooler are discussed in this section.

7.4.1 Oil Retention in the Gas Cooler

The flow characteristics in the gas cooler are different from those in the
evaporator because CO, phase change does not occur in the gas cooler but does occur in
the evaporator. Instead of phase change, a much larger temperature change occurs in the
gas cooler than in the evaporator. Properties of oil and refrigerant varied significantly
while undergoing the gas cooling process and are responsible for the oil retention in the
gas cooler.

Refrigerant temperature and oil retention distributions with respect to
dimensionless length of the gas cooler are shown in Figure 7.12. Each data point in
Figure 7.12 represents the mean refrigerant temperature and oil retention volume ratio
corresponding to each segment. Since the specific heat of CO, considerably increases as
the critical point is approached where the gas cooler outlet is located, the refrigerant
temperature decreases by only 2.5 K at the dimensionless length between 0.6 and 1. On
the other hand, during the first half of the gas cooler calculations the refrigerant
temperature significantly decreases by 46 K. From this temperature distribution in the gas
cooler calculations, relatively higher oil viscosity is to be expected at the second half of

the gas cooler.
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Qil retention distribution in the gas cooler side is aso shown in the same figure.
Total oil retention volume ratio for refrigerant mass flux, 157 kg/n’s at the gas cooler, at
1 wt.% of ail circulation ratio is 0.01, which is the summation of oil retentionvolume
ratios for the first and second half of the gas cooler, 0.004 and 0.006, respectively. The
reason more oil retention occurs in the second half of the gas cooler can aso be explained
making use of Figure 7.13.

The oil retention volumeratio is calculated by using the Equation (7-1). The oil
fraction, (1-a), is obtained from the void fraction model by using the refrigerant and oil
properties as well as flow rates at each segment. As shown in Figure 7.13, the solid line
showing the oil fraction dightly increases until about segment position of 50, and then
increases very rapidly till the end. This sharp increase is caused by parameters such as the
refrigerant density and oil viscosity.

Normally, the higher gas density in two-phase flow results in athicker liquid film
at a given refrigerant flow rate because the velocity of the vapor flow decreases. The
refrigerant density increases by three times from the inlet to the outlet of the gas cooler.
Major increase of the refrigerant density occurs at the second half of the gas cooler,
especidly at last few segments. The oil viscosity is another factor determining the oil
fraction in the gas cooler. Generally, higher oil viscosity resultsin a higher oil fraction.
The oil viscosity increases from inlet to outlet of the gas cooler because of the large
temperature drop during the gas cooling process. Because of these reasons, the oil
fraction is significantly increased at the end of the gas cooler.

The length of the segment, the dotted line in Figure 7.13, is determined by the

heat transfer rate. Since, in the modeling of the gas cooler, the heat transfer rate of each
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segment is assumed to be constant, the length of the segment until segment position 40 is
very short due to the higher log mean temperature difference between the refrigerant and
air temperature. As the refrigerant temperature approaches the air inlet temperature at the
end of gas cooler, the length of segment becomes longer. The length of the segment
dramatically increases after the segment position of 50. Therefore, the combination
effects of the oil fraction and length of segment result in higher oil retention close to the

end of the gas cooling.

7.4.2 Verification of Modedl

In a manner similar to the evaporator modeling, various void fraction models
were used to calculate the oil retention in the gas cooler, and then ssimulation results were
compared to experimental results. The oil retention volume ratio in the gas cooler was
experimentally obtained by injecting oil at the gas cooler inlet and extracting it at the oil
extractor located in the suction line. Since the experimental oil retention volume ratio
includes the oil volume retained in the suction line, evaporator, and gas cooler, the oil
retention volume ratio in the simulation was also separately calculated for the suction line,
evaporator and gas cooler. The oil retentionvolume ratio in the suction line and in the
evaporator was calculated by using the analytical model discussed in section 6.2, and the
Hughmark’s (1969) void fraction, respectively.

The experimenta oil retention volume ratio for the gas cooler was compared with
calculated ail retention volume ratio by using five sets of void fractionmodels. The
average and standard deviations of ail retention volumeratio in the gas cooler are
summarized in the Table 7.2. Except the Hughmark’s void fraction model, standard

deviations of simulation results by using other void faction models were bounded 18 to
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21%. Thisis because the velocity dlip between oil and supercritical CO, decreases due to
higher CO, density. Among those void fraction models, the Premoli et al. (1971) model
shows the best agreement. This result can be shown in Figure 7.14. Simulation results
using Premoli’ s void fraction model are bounded by nearly + 20% using experimental
results. Therefore, by using the Premoli et al. (1971) void fraction model, parametric

studies for the gas cooler were further investigated.

Table 7.2 Average and Standard Deviations of Oil Retention in the Gas cooler

Void Fraction Model Average Deviation (%) | Standard Deviation (%)
Premoli et al. (1971) 15 18
Hughmark (1962) 32 38
Lockhart-Martinelli (1949) 17 19
Zivi (1963) 18 20
Homogeneous 19 21

Figure 7.15 shows acomparison of the ail retention volume ratio between
measured and calculated in the suction line, evaporator, and gas cooler. In this graph, the
best void fraction models, Hughmark’s (1962) and Premoli’s et al. (1971), were used to
estimate the oil retention in the evaporator and gas cooler, respectively. Most calculated

oil retention volume ratio results are bounded by + 20% from experimental results.

7.4.3 The Effects of Approach Temperature

The approach temperature is defined as the difference between the refrigerant
temperature at the gas outlet and air inlet temperature. The approach temperature affects
the oil retention volume ratio in the gas cooler. Asshownin Figure 7.16, the calcul ated

oil retention volume at 1 K of the approach temperature is larger than that at 6 K. Thisis
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because the low temperature at the gas cooler outlet results in higher oil viscosity and

higher CO, density.

7.4.4 The Effects of Gas Cooling Pressure

The gas cooling pressure effect on the oil retention volume ratio in the gas cooler
isshown in Figure 7.17 for two different conditions; oneis for 9.0 MPa and 100 °C at the
gas cooler inlet, and the other isfor 7.6 MPaand 80 °C at the gas cooler inlet. The
approach temperature was kept at 5 K in al cases. As mentioned in section 7.4.1, the ail
retention volume ratio at the first half of the gas cooler is minimal compared to the ail
retention volumeratio in the second half. The conditions of the gas cooler outlet, such as
the ail viscosity and CO, density, are important factors of the oil retention in the gas
cooler.

Even though the higher refrigerant temperature, 100 °C with 9.0 MPa, at the inlet
of the gas cooler, resultsin low oil viscosity, high oil retention occurs at the gas cooler.
This is because the higher gas cooling pressure, 9.0 MPa, results in the higher CO,
density, which is twice higher than the CO, density at 7.6 MPafor the same temperature
at the end of the gas cooler. In this case, as aresult of the higher CO, density, more oil is
retained at the gas cooler due to the low CO; velocity. Therefore, higher gas cooling

pressure is not recommended with regard to the oil retention in the gas cooer.

7.5 Conclusions

In the case of the heat exchangers, i.e. evaporators and gas coolers, void fraction

models were used to estimate oil retention. Due to the property changes, the heat
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exchangers were divided into several segments that had the same heat transfer rate. Then,
the oil retention in the heat exchangers was obtained using the oil fraction and the length
of corresponding segments. The number of segments was set at 20 and 60 for the
evaporator and gas cooler, respectively, based on a sensitivity study of the number of
segments. In the evaporator, the high quality and superheated region were responsible for
the ail retention due to the higher liquid film viscosity. In the gas cooler, most of the oil
was retained at the second half of the gas cooler because of the higher oil viscosity and
CO, density.

o  Thevoid fraction models, Hughmark (1962) and Premoli et al. (1971), show
good agreement with experimental results for oil retention at the evaporator
and the gas cooler, respectively.

o  Simulation results at the evaporator and the gas cooler are bounded by +
20% of experimental results.

o A smal size of outlet header in the evaporator is recommended to enhance
the high refrigerant velocity in order to carry an oil film vertically upward.

o  Higher superheating at the evaporator outlet results in higher oil retention.
Qil tends to be retained more in the superheated region because of the higher
local liquid film viscosity.

o  Low inlet vapor quality is preferable to reduce the ail retention in the
evaporator because the larger amount of liquid CO, mixed with oil reduces
the oil viscosity than the other case.

o A low approach temperature at the end of the gas cooler results in more oil

retention because of the oil viscosity and CO, density.
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o  High gas cooling pressure causes high oil retention in the gas cooler due to

higher CO, density.
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CHAPTER 8 Conclusonsand Design Recommendations

The objective of this dissertation is to develop and use methods to experimentally
and theoretically clarify the oil retention behavior in CO, ar-conditioning systems and to
provide the recommendations for the suction line and al other heat exchangers to
minimize oil retention This was accomplished with newly developed experimental
method and simulations. In this chapter, conclusiors of this dissertation are summarized

in the order of the experiment and simulation works.

8.1 Conclusions from Experimental Research

8.1.1 Development of an Experimental Facility

An oil injection-extraction method was devel oped to measure the oil retention
within each cycle component. Four different refrigerant mass fluxes, 290, 352, 414, and
559 kg/n's at the suction line, were tested to examine the effect of the mass flux on oil
retention volume ratio. The indoor and outdoor temperatures, where the evaporator and
gas cooler would be operated, were set to 27°C and 36.1°C, respectively, while the
humidity was fixed around 40% RH in al tests. The test facility for the oil retention was
built with two main loops:. arefrigeration loop and an oil loop. The refrigeration loop
consisted mainly of a compressor driven by an electric motor, a gas cooler, a manual
expansion valve, and an evaporator. The oil loop consisted of a gear pump, a mass flow
meter, an oil extractor, an oil accumulator, and an oil reservoir. A separate oil loop was

installed to serve the following two purposes: injection of the oil to the test section at the
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desired ail circulation ratio as well as extraction of the oil from the test section and

measuring the oil amount extracted.

8.1.2 Experimental Results

The experimental test results for the ail retention of different system components

including the suction line, the evaporator, and the gas cooler are summarized as follows.

Q

Asthe ail circulation ratio increases, the oil retention volume in the heat
exchanger and suction line also increases.

For the refrigerant mass flux, 290 kg/nfs at the suction line, the oil retention
volumerratio in the evaporator is around 0.09 to 0.11 for 1 to 5 wt.% of oil
circulation ratio.

For the higher refrigerant mass flux, 559 kg/ns at the suction line, 0.04 to
0.06 of the il retention volume ratio is obtained in the evaporator for 1to 5
wt.% of oil circulation ratio. In the higher refrigerant mass flux, the oil
retention in the suction line is not significant.

The oil retention volume ratio in the gas cooler is less than 0.05 of the total
oil amount charged initially.

The ail retention in the gas cooler is quite small because of high CO, density,
low oil viscosity, and low oil surface tension.

Higher inlet vapor quality results in higher oil retention in the evaporator.
16% and 10% of the total oil amount charged initialy is retained in heat
exchangers at 5 wt.% of ail circulation ratio for the refrigerant mass fluxes,

290 kg/mfs and 414 kg/ns, respectively. The oil retention in heat
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exchangers is noticeable amount. Therefore this behavior should be
accounted for.

o  Theoail distribution in the CO; ar-conditioning systems was experimentally
analyzed.

o  For the higher refrigerant mass flux, less oil volume is retained in the heat
exchangers and this also results in alower pressure drop penalty factor.

o  The effect of oil on pressure drop was found to be most significant at high
vapor qualities and superheat region where the local oil mass fractions are

the highest.

8.2 Conclusions from the M odeling Efforts

8.21 Maodding of Oil Retention in the SuctionLine and Heat Exchangers

An analytical model to estimate the ail retention in the suction line was devel oped
while assuming an annular flow regime. In this analysis of CO, and ail flow in the
suction line, the interfacial friction factor was expressed as a function of the CO; gas
Reynolds number as well as the dimensionless oil film thickness. In the case of heat
exchanges, void fraction models were used to estimate the oil retention. Due to property
changes during the phase change, the heat exchanges were divided into severa segments
and the ail retention in the heat exchangers was obtained with the oil fraction and the

length of corresponding segment.
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8.2.2 Modding Results

The analytical model was validated with experimental results, and parametric

studies were conducted in the suctionline and heat exchangers. Modeling results are

summarized as follows:

Q

Most simulation results in the suction line are bounded by + 20% from
experimental results.

Thesimulation results using the void fraction models by Hughmark (1962)
and Premoli et al. (1971) are bounded by + 20% with experimental results of
oil retention in the evaporator and the gas cooler.

The oil retention decreases with the increase of solubility because the CO,/ail
mixture viscosity reduces as the CO, solubility increases.

For the design of a suction line, the tube size should be carefully considered
while balancing the effect of arefrigerant pressure drop and the oil retention.
Higher superheating at the suction line causes less oil retention than lower
superheating.

High superheating at the evaporator outlet results in high oil retention. Oil
tends to be retained more in the superheated region because the local liquid
film viscosity is higher than in other regions.

Low inlet vapor quality is preferable to reduce the oil retention in the
evaporator because reduced oil viscosity can be used.

In the gas cooler, most ail is retained at the second half of the gas cooler since

it reduces the average liquid viscosity.
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o Low approach temperature at the end of the gas cooler and high gas cooling
pressure result in higher oil retention because of the oil viscosity and CO»

density.

8.3 Recommended Design Guidelines

Based on the understanding on oil retentionbehavior in CO, ar-conditioning
systems, recommendations for design guidelines for suction line and heat exchangers to

minimize oil retentions are proposed as follows.

8.3.1 Suction line

To minimize the ail retention in the suction line, first of all, a high refrigerant
flow rate is required to enhance the refrigerant drag force exerted on the oil. Other
recommendations to minimize the oil retention are summarized as follows:

o Tota lengthof the suction line should be short.

o Higher suction line temperature is recommended.

o Using an oil that has higher CO, solubility is recommended.

o A small diameter tube in the suction line is recommended while balancing the

pressure drop penalty.

8.3.2 Heat Exchangers

The header design is important in minimizing the oil retention in the heat

exchangers. Recommendations suggested for the heat exchangers are as follows:
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Upward flow in the vertical header should be avoided. Otherwise, a small
outlet header is recommended to enhance the high refrigerant velocity to carry
oil film vertically upward.

To prevent oil trapping at the vertical header, it is recommended that the exit
port be installed at the lower part of the header in case of the vertical header as
shown in (a) and (b) of Figure 8.1.

Vertical downward flow in the microchannel tubes with horizontal headers as
shown in (c) of Figure 8.1 is recommended.

In the evaporator, low vapor quality at the evaporator inlet and low
superheating at the evaporator outlet are recommended.

In the gas cooler, higher gas cooling pressure is not recommended.
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CHAPTER9 FutureWork

This study has investigated oil retention in CO; air-conditioning systems.

However, this study is only the beginning step towards understanding oil behavior in

other refrigeration and air-conditioning systems. Suggested future works below are to

provide better understanding of oil behavior so that the system can be designed properly.

Q

Investigationof oil retention characteristics in CO, refrigeration systems that
have low temperature levels.

Experimental work on ail retention with different types of oil such as POE,
PAO, or MO.

Investigation of oil migration during the transient mode.

Investigation of oil retention with respect to the shape or flow direction of
microchannel tubes and headers.

Improvement of simulation tools to predict oil retention.

Flow visualization of refrigerant /oil mixture in a microchannel heat
exchanger.

Investigation of header effect of heat exchangers on oil retention.

Experimental work on oil retention in HFC refrigerants.

141



Appendix A Summary of Oil Retention Tests
Table A.1 Oil Injection at the Evaporator Outlet

Test Number 1 2 3 4 5
Injection Port Evaporator | Evaporator | Evaporator | Evaporator | Evaporator
outlet outlet outlet outlet outlet
Ref. MFR (g/s) 13.6 134 135 135 135
Oil MFR (g/s) 0.09 0.10 0.11 0.17 0.26
OCR (wt. %) 0.6 0.7 0.8 1.3 1.9
Pgas cooler iniet (MPQ) 7.8 7.7 7.8 7.8 7.8
Pevap. inet (MP2) 3.9 3.9 4.0 4.0 3.9
Tyascoolerintet (°C) 75.8 75.0 75.1 75.2 75.2
Tgas cooler outiet (°C) 36.3 36.3 36.1 36.2 36.4
Tevap. outiet (°C) 14.8 14.8 154 154 15.2
Tsuction (°C) 155 154 16.0 16.0 15.8
Xinlet vapor 0.8 0.8 0.8 0.8 0.8
Oil Retention (ml) 14.5 16.1 13.7 18.9 29.5
Table A.1 Oil Injection at the Evaporator Outlet (Continued)
Test Number 6 7 8 9 10
Injection Port Evgﬂgr;tor Eviﬂglr;tor Evgplﬁrea}tor Evgﬁttalreattor Evgﬁttalreattor
Ref. MFR (g/9) 136 13.6 13.6 135 13.4
Oil MFR (g/s) 0.36 0.57 0.60 0.74 0.83
OCR (wt. %) 2.6 4.0 4.3 5.2 5.8
Pgas cooler iniet (MPQ) 7.8 7.8 7.7 7.7 7.7
Pevap. inet (MP2) 3.9 4.0 39 39 39
Tgascoolerintet (°C) 75.5 75.3 75.2 75.4 75.9
Tgascooler outtet (°C) 36.2 36.2 36.2 36.2 36.4
Tevap. outiet (°C) 153 15.9 14.7 16.4 17.8
Tsuction (°C) 15.9 16.4 15.4 16.8 17.9
Xinlet vapor 0.8 0.8 0.8 0.8 0.8
Oil Retention (ml) 331 35.9 42.9 37.8 38.9
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Table A.1 Oil Injection at the Evaporator Outlet (Continued)

Test Number 11 12 13 14 15
Injection Port Ev(a;lpjtt)lr;tor Evglpj(t)lr;tor Evg\ﬁct)lreaitor Ev(?ﬁzrea:tor Ev(?ﬁtc;rea:tor

Ref. MFR (g/s) 135 135 171 17.0 16.7
Oil MFR (¢/s) 0.86 0.98 0.21 0.38 047
OCR (Wt. %) 5.9 6.8 1.3 2.2 2.7
Pgas cooler intet (MP&) 7.7 7.7 8.2 83 8.1
Pevap. inet (MPa) 3.9 3.9 4.0 4.0 3.9
Tgas cooterinet (°C) 75.6 75.2 85.9 86.5 86.1
T gas cooler outlet (°C) 36.3 36.2 37.3 37.1 36.7
Tevap. outiet (°C) 17.2 17.0 13.1 12.7 133
Tesuction (°C) 174 17.2 135 131 13.6
Xinlet vapor 0.8 0.8 0.7 0.7 0.7

Oil Retention (ml) 38.7 42.7 13.0 21.2 26.1

TableA.1 QOil Injection at the Evaporator Outlet (Continued)
Test Number 16 17 18 19 20
Injection Port Evgﬂgr;tor Evgﬂggtor Evgﬂ(tjlgttor Evgﬂareattor Evgﬂareattor

Ref. MFR (g/s) 17.0 17.0 17.0 204 20.6
Oil MFR (g/9) 0.54 0.80 1.10 0.23 0.33
OCR (wt. %) 31 45 6.3 11 16
Pgascoolerinet (MP8) 8.2 8.2 8.1 8.7 8.7
Pevap. iniet (MPa) 4.0 4.0 39 39 39
Tgascoolerintet (°C) 86.7 86.5 86.4 91.0 89.2
Tgas cooler outier (°C) 37.1 37.0 36.9 39.2 39.2
Tevap. outtes (°C) 13.4 13.7 16.0 12.0 11.8
Tsuction (°C) 13.7 139 16.0 12.4 12.4
Xinlet vapor 0.7 0.7 0.7 0.6 0.6
Oil Retention (ml) 26.8 31.6 40.9 9.9 17.2
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Table A.1 Oil Injection at the Evaporator Outlet (Continued)

Test Number 21 22 23 24 25
Injection Port Ev(a;lpjtt)lr;tor Evglpj(t)lr;tor Evgﬁ(tJlr';tor Ev(?ﬁzrea:tor Ev(?ﬁzrea:tor
Ref. MFR (g/s) 20.9 20.7 20.2 20.5 274
Oil MFR (g/9) 0.65 0.74 0.80 117 0.44
OCR (wt. %) 3.0 35 38 5.4 1.6
Pyascooler iniet (MPa) 8.8 9.0 8.7 9.0 9.2
Pevep. iniet (MPa) 4.0 4.0 3.9 4.0 3.9
Tgascooler iniet (°C) 89.4 92.3 90.5 91.0 100.1
T gascooler outtet (CC) 304 40.4 39.0 40.1 38.1
Tevap. outiet (°C) 12.7 12.6 129 13.0 9.7
Tesuction (°C) 12.9 12.7 131 13.0 9.9
Xinlet vapor 0.6 0.6 0.6 0.6 0.5
Oil Retention (ml) 22.0 27.1 29.9 345 17.2
Table A.1 Oil Injection at the Evaporator Outlet (Continued)
Test Number 26 27 28 29 30
Ref. MFR (g/9) 27.2 26.9 26.7 137 14.0
Oil MFR (g/s) 0.75 0.78 1.19 0.10 0.32
OCR (wt. %) 2.7 2.8 4.3 0.7 2.3
Paas coter iniet (MP2) 9.2 9.2 9.2 7.7 7.7
Pevep. inet (MPa) 3.8 3.8 37 39 4.0
Tgascoolerintet (°C) 100.1 100.8 100.5 88.5 88.6
Tgas cooler outier (°C) 38.2 38.3 38.2 35.9 36.0
Tevep.outtet (°C) 9.4 10.1 9.9 12.6 13.1
Tsuction (°C) 9.5 10.0 9.9 133 13.6
Xintet vapor 0.5 0.5 0.5 0.7 0.7
Oil Retention (ml) 20.8 24.7 27.7 10.2 218
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Table A.1 Oil Injection at the Evaporator Outlet (Continued)

Test Number 31 32 33 A
riecion ot | G oo | e | oo
Ref. MFR (g/s) 133 14.4 13.9 135
Oil MFR (¢/s) 0.35 048 0.60 0.69
OCR (wt. %) 25 3.2 4.1 4.8
Pges cooler iniet (MPa) 7.6 7.6 7.7 7.7
Pevep. iniet (MPa) 3.9 4.0 4.0 3.9
Tascooterinet (°C) 85.4 85.8 86.3 86.8
T gas cooter outtet (°C) 35.8 35.9 35.9 36.0
Tevap. outiet (°C) 13.8 139 13.9 14.3
Tsuction (°C) 13.8 14.3 14.2 14.7
Xinlet vapor 0.7 0.7 0.7 0.7
Oil Retention (ml) 26.2 27.5 36.0 37.0

Table A.2 Oil Injection at the Evaporator Inlet

Test Number 35 36 37 38 39
Injection Port Ev?ﬂcl)étator Eveilﬁtlnétator Evai\f)ﬁ)étator Ev?ﬂ?étator Ev?ﬂ?étator
Ref. MFR (g/9) 138 13.7 138 138 136
Oil MFR (g/9) 0.20 0.42 0.56 0.62 0.8
OCR (wt. %) 14 3.0 41 4.3 5.6
Pgascoolerinet (MP8) 7.8 7.8 7.8 7.8 77
Pevap. iniet (MPa) 4.0 4.0 4.0 4.0 4.0
Tgascoolerintet (°C) 75.1 75.1 75.3 75.0 75.0
Tgas cooler outier (°C) 36.4 36.2 36.5 36.1 36.1
Tevap. outiet (°C) 154 155 15.7 15.6 15.8
Tsuction (°C) 16.2 16.3 164 16.3 16.5
Xinlet vapor 0.8 0.8 0.8 0.8 0.8
Oil Retention (ml) 46.0 58.0 67.3 66.0 69.6
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Table A.2 Oil Injection at the Evaporator Inlet (Continued)

Test Number 40 41 42 43 a4
Injection Port EvailrrJ]tl)étator Evailﬁi)ertator Evai\[r)](l)étator Ev?ﬁ?étator Ev?ﬁ?étator
Ref. MFR (g/s) 17.2 17.2 17.2 16.7 16.9
Oil MFR (¢/s) 0.10 0.63 0.87 0.87 0.92
OCR (Wt. %) 0.6 36 438 5.0 5.2
Pyas cooler inet (M Pa) 8.3 8.2 8.2 8.1 8.1
Pevap. inet (MPa) 4.0 3.9 41 4.0 4.1
Tgas cooterinet (°C) 86.4 87.0 86.9 87.1 86.3
T gascooter outiet (°C) 375 37.1 374 37.1 374
Tevap. outiet (°C) 13.7 139 14.2 14.6 14.6
Tesuction (°C) 143 145 14.7 15.0 15.0
Xinlet vapor 0.7 0.7 0.7 0.7 0.7
Oil Retention (ml) 22.1 49.6 56.0 56.1 63.9
Table A.2 Oil Injection at the Evaporator Inlet (Continued)
Test Number 45 46 47 48 49
Injection Port Evai\;;?étator Evz?ﬁtl)étator Ev?ﬂ?eriator Evailf)](l)étator Evailf)](l)étator

Ref. MFR (¢/9) 20.6 20.3 20.3 20.2 20.6
Oil MFR (¢/s) 0.3 0.50 0.92 1.07 1.30
OCR (wt. %) 14 24 4.3 5.0 59
Pyascooleriniet (MP8) 8.7 85 85 85 8.6
Pevap. iniet (MPa) 4.0 4.0 4.0 4.0 4.0
Tyascooler inet (°C) 90.3 89.5 90.0 89.6 89.6
Tgas cooter outiet (°C) 39.3 38.7 38.7 38.7 39.0
Tevap. outiet (°C) 124 124 12.7 12.9 13.2
Taction (°C) 131 13.0 132 134 136
Xinlet vapor 0.6 0.6 0.6 0.6 0.6
Oil Retention (ml) 24.9 28.3 48.4 51.9 57.0
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Table A.2 Oil Injection at the Evaporator Inlet (Continued)

Test Number 50 51 52 53 A
Injection Port Evai\;;?étator Evz?ﬁtl)étator Ev?ﬂ?eriator Evz?f)](l)étator I%\\//;pst r|1_l| %
Ref. MFR (¢/9) 27.4 26.6 26.9 27.0 134
Oil MFR (g/s) 0.34 0.98 0.93 151 0.16
OCR (wt. %) 1.2 35 34 5.3 1.2
Pygascooleriniet (MP8) 9.2 9.1 9.2 9.2 1.7
Pevap.inet (MPa) 4.0 40 4.0 4.0 4.0
Tgascooterintet (°C) 99.9 100.6 100.6 101.1 85.9
Tgas cooler outiet (°C) 38.3 379 38.2 38.0 36.0
Tevap. outtet (°C) 8.6 9.2 9.8 8.9 4.1
Tsuction (°C) 9.1 9.5 10.4 9.2 14.9
Xinlet vapor 0.5 0.5 0.5 0.5 0.7
Oil Retention (ml) 24.4 42.2 35.6 44.8 29.4
Table A.2 Oil Injection at the Evaporator Inlet (Continued)
Test Number 55 56 57 58
Injection Port I(EV\;?O o E'% E(\\Cva;)é:_nllﬂe;() %\\/’v?ps'liﬂi) %\\//v?psm%
Ref. MFR (g/s) 135 13.7 137 135
Oil MFR (¢/s) 045 053 0.78 0.10
OCR (Wt. %) 32 3.7 5.4 0.7
Pgas coolerinet (MPa) 7.7 1.7 7.7 7.7
Pevep. iniet (MPQ) 4.0 4.0 4.0 4.0
Tgascooteriniet (°C) 85.1 85.7 86.5 85.9
Tgas cooter outtet (°C) 36.3 35.9 36.1 36.0
Tevap. outiet (°C) 14.6 145 14.8 141
Tsuction (°C) 15.3 151 15.3 14.9
Xinlet vapor quality 0.7 o7 0.7 0.7
Oil Retention (ml) 47.1 57.2 65.8 27.0
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Table A.3 Oil Injection at the Gas Cooler Inlet

Test Number 59 60 61 62 63
Injection Port Gasi ri:gtoler Gasi rj?gtoler Gasi rfltgtoler Gac? ncltgtoler Gac? ncltgtoler
Ref. MFR (g/s) 133 132 135 132 133
Oil MFR (g/s) 0.25 0.35 0.49 0.75 0.88
OCR (wt. %) 1.9 2.6 35 5.4 6.2
Pygascooleriniet (MP8) 7.7 7.7 7.8 7.6 7.7
Pevap.inet (MPa) 3.9 3.9 4.0 3.9 3.8
Tgascooterintet (°C) 78.9 76.2 85.5 87.9 84.4
Tgas cooler outiet (°C) 36.2 36.1 77.9 78.9 76.6
Tevap. outier (°C) 150 15.6 15.7 16.3 15.8
Tsuction (°C) 16.0 16.6 16.5 16.9 16.6
Oil Retention (ml) 58.0 60.6 74.6 817 87.1

Table A.3 Oil Injection at the Gas Cooler Inlet (Continued)

Test Number 64 65 66 67 63
Injection Port Gasi, ri:gtoler Ga:? rSI:StOIGr Gas; rfligtoler Gas; rfllgtoler Gas; rfllgtoler
Ref. MFR (g/9) 135 20.2 19.0 20.0 19.0
Oil MFR (¢/s) 0.94 0.2 0.21 0.50 0.70
OCR (Wt. %) 6.5 1.0 1.1 2.4 36
Pgas cooler iniet (MP) 7.7 8.2 8.6 8.7 8.3
Pevap. inet (MPa) 3.9 4.0 3.8 3.8 4.0
Tgescooterinter (°C) 86.0 89.9 90.6 90.9 88.8
T gas cooler outlet (°C) 77.8 37.2 38.8 38.6 37.3
Tevap. outiet (°C) 15.9 124 12.0 12.0 12.7
Tesuction (°C) 16.6 13.0 12.7 12.7 131
Oil Retention (ml) 98.1 23.9 22.3 40.1 44.3
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Table A.3 Oil Injection at the Gas Cooler Inlet (Continued)

Test Number 69 70
Injection Port Gasirsllgtoler Gasirsltgtoler
Ref. MFR (g/s) 19.0 19.0
Oil MFR (g/s) 10.6 048
OCR (wt. %) 5.6 25
Pgas cooler iniet (MPa) 8.1 84
Pevap. iniet (MP2) 39 4.0
Tgascooteriniet (°C) 90.1 90.0
Tgas cooler outiet (°C) 36.9 37.7
Tevap. outiet (°C) 13.3 12.7
Tsuction (°C) 13.6 13.1
Oil Retention (ml) 63.0 318
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